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Pre-harvest contamination of maize grain with aflatoxin is a chronic problem
worldwide and particularly in the southeastern U.S. Aflatoxin is a mycotoxin produced
by the fungus Aspergillus flavus, an opportunistic ear-rot pathogen of maize (Zea mays).
Resistance to aflatoxin accumulation is heritable, and resistant germplasm-lines are
available. These lines are derived from “exotic” genetic backgrounds and were released
as sources of resistance, not parental inbreds. However, all current sources of resistance
are quantitative, which complicates conventional efforts to introgress resistance alleles
from unadapted but resistant donor lines to adapted but susceptible recipient lines.
Mapping quantitative trait loci (QTL) and their linked markers enables targeted
introgression of the desired alleles via marker-assisted selection.
Quantitative trait loci were identified in two F2:3 mapping populations, derived
from crossing resistant inbreds Mp715 and Mp717 to a common susceptible parent
(Va35). The Mp715 x Va35 population was phenotyped for aflatoxin accumulation
under artificial inoculation in replicated field trials at Mississippi State (MSU) in 2015
and 2016. The Mp717 x Va35 population was phenotyped at MSU and Lubbock, TX in

2016. Populations were genotyped using simple sequence repeat (SSR) and single
nucleotide polymorphism (SNP) markers and linkage maps created in JoinMap4. To
locate QTL, linkage maps, genotypes, and phenotypes were analyzed jointly in QTL
Cartographer 2.5 using composite interval mapping (CIM) and multiple interval mapping
(MIM) procedures. Five QTL with the beneficial allele contributed by Mp715 were
identified during CIM in bins 5.01, 6.06, 7.03 10.04 and 10.05. Three QTL with the
beneficial allele contributed by Mp717 were identified during CIM in bins 3.07/3.08,
7.02/7.03, and 10.05. In both populations, QTL were identified with the beneficial allele
contributed by Va35. Those QTL did not co-locate across populations but four of the six
were on chromosome 1. Significant QTL effects from CIM were used as the initial model
terms in MIM, where all QTL effects were fit simultaneously and their gene-action and
epistatic interactions estimated.
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CHAPTER I
INTRODUCTION
Aspergillus flavus (Link:Fr) is a ubiquitous, saprophytic, soil-borne fungus
capable of acting as a weak, opportunistic, ear-rot pathogen of maize (Zea mays L. ssp.
mays), especially during periods of heat and drought stress (Payne and Yu, 2010; White,
2016). Aspergillus flavus rarely causes economically significant levels of direct damage
to ears or reductions in yield, but is important as a pathogen due to its production of the
secondary metabolite aflatoxin, an immunosuppressive, teratogenic, hepatotoxic and
carcinogenic mycotoxin (Scheidegger and Payne, 2003). The U.S. Food and Drug
Administration sets “action levels” for aflatoxin in maize grain: 20 ng g-1 for grain used
in human food and varying levels, ranging from 20 to 300 ng g-1, for different classes of
livestock feed (Park and Liang, 1993; US FDA, 2010). Since the 1970s, pre-harvest
aflatoxin contamination has been recognized as a chronic problem for maize producers in
the southeastern U.S. (Zuber and Lillehoj, 1979; Payne, 1992; Williams et al., 2015). In
response, the Agricultural Research Service of the U.S. Department of Agriculture
(USDA-ARS) initiated research into host plant resistance to aflatoxin accumulation in
maize in the late 1970s at Mississippi State University through the Corn Host Plant
Resistance Research Unit (CHPRRU) (Williams et al., 2015).
There are currently no completely effective management strategies available to
prevent aflatoxin contamination when conditions favor the growth of A. flavus (Payne
1

1992; Cleveland et al., 2004). However, resistance to aflatoxin accumulation is heritable
in maize (Zuber, 1978), and host plant resistance is widely considered a promising
approach to reducing aflatoxin contamination (Moreno and Kang, 1999; Williams et al.,
2003, 2015; Brown et al., 2013). Current commercial hybrids lack adequate resistance
(Windham and Williams, 1999; Tubajika et al., 2000; Abbas et al., 2002, 2006; Daves et
al., 2010). Sources of resistance have been identified (Widstrom et al., 1987; Scott and
Zummo 1988; Campbell and White, 1995; Betran et al., 2002; Williams, 2006; Henry et
al., 2012, 2013) and publicly developed germplasm and breeding lines have been
registered and released (McMillian et al., 1993; Llorente et al., 2004; Guo et al., 2007,
2011; Menkir et al., 2008; Mayfield et al., 2012, Scully et al., 2016). Six aflatoxin
accumulation germplasm lines (Mp313E, Mp420, Mp715, Mp717, Mp718, and Mp719)
have been released by USDA-ARS through the CHPRRU (Scott and Zummo, 1990,
1992; Williams and Windham, 2001, 2006, 2012).
The resistant breeding lines that have been released were bred from tropical
sources or from older public inbred lines derived from southern U.S. germplasm
(Mayfield et al., 2012; Williams et al., 2003, 2015). Originating outside the Corn Belt
dent maize populations, these breeding lines are considered exotic or un-adapted. They
are un-adapted because, despite contributing stable resistance to aflatoxin accumulation
in testcrosses, they also contribute undesirable agronomic characteristics: late flowering,
high ear and plant height, increased lodging, late maturity, high grain moisture at harvest,
and poor combining ability for yield (Brooks et al., 2005; Mayfield et al., 2012). These
traits are typical of exotic maize when used in temperate U.S. maize breeding (Hallauer,
1978; Holland and Goodman, 1996). Breeding lines have been released that combine
2

improved agronomics, such as earlier flowering time, with resistance to aflatoxin
accumulation but even these lines were released as germplasm intended to serve as
sources of resistance, not as parental inbreds (Mayfield et al., 2012; Williams and
Windham, 2012).
As sources of resistance, germplasm lines are used as donor lines, contributing
favorable alleles for a specific trait of interest, in this case resistance to aflatoxin
accumulation. This “donation” of host plant resistance is the most common use of exotic
germplasm in U.S. maize breeding (Goodman, 1999; Betran et al., 2006). The alleles for
the trait of interest are introgressed into adapted cultivars through backcross breeding.
Unfortunately, transferring resistance to aflatoxin accumulation has proven difficult due
to the highly quantitative nature of the trait: polygenic control, low heritability, and large
genotype by environment interaction effects (Willcox et al., 2013; Warburton et al.,
2013). Despite the development of theory for the use of exotic germplasm in the
improvement of quantitative traits (Dudley, 1982), introgressing disease resistance from
exotic sources has generally been much more successful when the resistance is a simply
inherited qualitative trait controlled by a single (or very few) gene(s) with large effect(s)
and little environmental influence (Edwards, 1992).
Quantitative traits are defined by the relative effect of allele substitution
compared to other sources of variation (Comstock, 1978; Falconer and Mackay, 1996,
p.101). If the effect of substituting one allele of a locus for another is small relative to the
overall phenotypic variation for a trait (i.e., does not result in phenotypic discontinuities
between genotypic classes), then the trait is quantitative (although the distinction between
a qualitative and a quantitative trait is best treated as a continuum). Small allele
3

substitution effects indicate other sources of variation are contributing significantly to the
total phenotypic variation. These additional sources of variation are the segregation of
and interactions between many other small-effect genes affecting the trait (polygenes),
the environment, or interactions between the environment and polygenes.
Before the advent of biochemical and molecular markers, it was not practical to
determine the contribution individual polygenes made to a quantitative trait. Plant
breeders working with quantitative traits treated polygenes “en masse” using classical
biometrical genetics (Stuber and Edwards, 1986). In biometrical genetics, quantitative
traits are treated as the cumulative effect of many genes interacting with one another and
the environment, but it is the means and variances of populations of those cumulative
effects (the phenotypes) that are analyzed, not the individual underlying genes. As such,
biometrical approaches to quantitative traits proceed despite three unknowns: 1) the
number of genes/loci affecting the trait, 2) the genomic location of those genes, and 3)
the magnitude and nature (gene action) of the effect of the individual genes (Stuber and
Edwards, 1986; Bernardo, 2010, p.5). It is suggested that the lack of precision resulting
from these unknowns is responsible for the difficulty encountered when breeding for
quantitative traits (Stuber and Edwards, 1986).
Importantly, these unknowns are not “in principle” unknowable (Thoday, 1961).
Estimates for the number and location of polygenes conditioning a quantitative trait can
be obtained through statistical associations between the inheritance of simply inherited
genetic markers and the expression of a quantitative trait. These statistical associations
support estimates of the presence and location of polygenes through the concept of
genetic linkage, i.e., non-independent assortment between loci on the same chromosome.
4

The marker and the trait are statistically associated because the marker and a polygene
conditioning the trait are physically linked. Once that marker’s relative location on a
chromosome is determined through linkage mapping, the location of the linked polygene
is inferred.
The first experiments mapping polygenes were conducted using morphological
markers (Sax, 1923), including early investigations in maize (Lindstrom, 1929; 1931).
These early studies were groundbreaking in that they demonstrated that the “three
unknowns” were knowable, but were limited by the markers available to the researchers.
This limitation was addressed with the development of biochemical markers, isozymes,
better suited for mapping studies (Stuber, 1986) and by the early 1980’s, isozyme
markers were successfully used to map polygenes and guide selection in crop species
(Stuber et al., 1982; Tanksley 1982; Stuber and Edwards, 1986). However, isozymes are
limited in number. Further advances were made with the development of DNA-based
molecular markers, beginning with restriction fragment length polymorphisms (RFLPs)
(Tanksley, et al., 1989) and then simple sequence repeats (SSRs) and single nucleotide
polymorphisms (SNPs) (Collard et al., 2005).
The development of these molecular tools, in conjunction with the theoretical
framework and increases in computational ability (Liu, 1998, p. 376; Zeng et al., 1999),
has given rise to the field of molecular quantitative genetics, aimed at describing the
“genetic architecture” of quantitative traits (Mackay, 2001; Wallace et al., 2014). Among
other questions, analysis of a trait’s genetic architecture attempts to answer the three
unknowns listed above: the number, location, and gene action of individual genes
controlling quantitative traits (Holland, 2007). As this field has progressed, the term
5

“polygene” has been largely replaced by “quantitative trait loci” (QTL), but QTL are not
synonymous with polygenes (Kearsey and Pooni, 1996, p. 5, 153). Polygenes are the
individual genes posited as underlying the quantitative trait. Quantitative trait loci are
regions of chromosome containing one or more polygenes, in addition to non-coding
regions and linked genes uninvolved in the expression of the trait. Marker-trait
associations reveal the QTL and their flanking markers, but further analysis to the point
of identifying genes, their function, and causal polymorphisms requires a different set of
techniques (functional molecular biology and genomics) (Mackay, 2001).
Fortunately, the identification of QTL and their flanking markers can aid plant
breeders through marker-assisted selection (MAS) without further functional
characterization of the QTL’s contents (the polygenes per se). In MAS, breeders practice
selection on the genetic markers as opposed to the phenotype. Consequently, MAS is
referred to as “genotypic selection” to distinguish it from traditional phenotypic selection.
There are many different forms of MAS, but marker-assisted backcrossing (MABC) is
the most logical approach to utilizing markers when introgressing a trait from an exotic
donor line to an adapted recipient line (Frisch, 2004). In MABC, markers can be used to
confirm the transmission of the target QTL from the donor line to the recipient
(“foreground selection”) while also confirming the recovery of the recurrent parent
genotype at non-target loci (“background selection”) during repeated cycles of
backcrossing (Hospital and Charcoset, 1997).
This “targeted introgression” of QTL allows an exotic germplasm line to donate
favorable alleles for the trait of interest without also contributing deleterious alleles at
other loci (Edwards, 1992). Publicly bred exotic germplasm lines with resistance to A.
6

flavus, or to any other maize pathogen, are only valuable if that resistance can be
transmitted to adapted cultivars without negatively affecting agronomic performance too
severely. Applied public sector maize breeding is largely aimed at utilizing exotic
germplasm in “pre-breeding” work (Hallauer et al., 2010, p.8). As mentioned earlier, the
most common use of exotic maize germplasm is as a source of disease resistance alleles
(Goodman, 1999).

In maize, most disease resistance is quantitative (Wisser et al.,

2006). Therefore, the ability to successfully transmit quantitative traits from exotic
germplasm to adapted cultivars is essential for public sector applied maize breeders to
make their intended impact. If markers are necessary to guide the targeted introgression
of the trait of interest, then QTL mapping studies are necessary to identify the appropriate
makers to use.
There have been several QTL mapping studies conducted on maize host plant
resistance to aflatoxin accumulation. The CHPRRU has previously mapped QTL in
Mp313E, Mp717, and Mp715 using bi-parental linkage mapping (Brooks et al., 2005;
Warburton et al., 2009, 2011; Willcox et al., 2013). Bi-parental linkage-based QTL
mapping analyzes the association between the inheritance of molecular markers and the
phenotypic expression of a quantitative trait in progeny resulting from the cross between
two inbred parents differing in their expression of the trait, e.g., a resistant x susceptible
cross. The CHPRRU has also conducted an association mapping study using a diverse
panel of 300 unrelated lines that included the majority of the aflatoxin accumulation
resistant maize breeding lines (Warburton et al., 2013, 2015). Bi-parental QTL mapping
studies have also been conducted at other research centers using non-CHPRRU lines as
the resistant parent (Paul et al., 2003; Widstrom et al., 2003a; Busboom and White, 2004;
7

Mayfield et al., 2011; Yin et al., 2014), and a summary meta-QTL analysis of previous
mapping studies has also been conducted (Mideros et al., 2014).
The goal of this study is to map QTL associated with resistance to aflatoxin
accumulation in Mp715 and in Mp717, using Va35 as the susceptible parent in both
crosses. Previous studies mapped QTL in Mp715 using T173 as the susceptible parent
(Warburton et al., 2011) and in Mp717 using NC300 as the susceptible parent
(Warburton et al., 2009). There are several motivations for re-mapping QTL in these
lines. First, the information gained from a bi-parental QTL mapping study is specific to
the cross under study because which markers and which QTL are polymorphic, and thus
segregating and map-able, varies from cross to cross. Also, some QTL may only be
expressed in certain backgrounds, possibly due to modifiers at other loci, even if they are
polymorphic in the cross. Re-mapping any resistant line with a different susceptible
parent is, therefore, at least potentially informative. In addition, analysis of populations
sharing a common parent can reveal information about the consistency of QTL in
different genetic backgrounds. Since Va35 was used as a susceptible parent in the QTL
mapping of Mp313E (Willcox et al., 2013) and since Mp717 and Mp715 have been
previously mapped using other susceptible parents, creating these new populations
(Mp717 x Va35 and Mp715 x Va35) will result in overlapping populations. Finally, in
the previous mapping study of Mp717, NC300 was used as the susceptible parent
(Warburton et al., 2009). NC300 is not as susceptible as the susceptible lines used in
previous CHPRRU mapping studies. Fewer QTL were detected in the Mp717 x NC300
population than in previous populations. Re-mapping Mp717 should provide insight into
whether this is because Mp717’s resistance is truly controlled by fewer loci than
8

resistance in Mp715 and Mp313E, or if the relatively small number of QTL detected was
the result of using a less susceptible parent.
Each of the above motivations is concerned with increasing the accuracy and
precision of QTL detection, but finding the QTL is only the beginning. Once the QTL is
identified its effect has to be validated, usually through the creation of near isogenic lines
(NILs) using MABC. The CHPRRU has been working to create NILs using QTL
mapped in previous studies. Va35 has proven to work well as the recurrent recipient
parent in NIL development at Mississippi State. Creating a set of NILs with different
combinations of QTL from multiple sources in the same background could potentially
aide in gene pyramiding. Pyramiding genes from multiple sources of resistance has been
proposed as a potential method to exploit the multiple sources of resistance available
(Warburton et al., 2011, 2013; Mayfield et al., 2012; Willcox et al., 2013). Once the
QTL are in a fixed Va35 background combining multiple QTL from different sources
should be less difficult since the QTL will be the only loci segregating in the cross. This
will facilitate the testing of QTL effects in novel combinations. Optimum combinations
of QTL, possibly from multiple sources of resistance, can then be identified and
transferred to elite adapted cultivars using MAS.
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CHAPTER II
REVIEW OF LITERATURE
Overview of aflatoxin in maize
Aflatoxins are the major class of mycotoxins produced by species of the genus
Aspergillus (Richard et al., 2003). There are four major aflatoxins, B1, B2, G1, and G2,
with the letter referring to the color or their fluorescence under ultra-violet light (blue
versus green) and the number referring to their relative migration in thin layer
chromatography (Klich, 2007). Aflatoxins are carcinogenic, hepatotoxic, teratogenic,
and immunosuppressive (Sheidegger and Payne, 2003). Acute aflatoxicosis results in
death, while chronic aflatoxicosis causes liver cancer, immune suppression, and
pathological conditions resulting from interference with protein metabolism (Bennett et
al., 2007). The liver is the primary target organ in both acute and chronic aflatoxicoses
(Bennett et al., 2007). Aflatoxin B1 is the most prevalent and the most toxic form
(Williams et al., 2004) and is classified as the most potent naturally occurring carcinogen
known (Squire, 1981).
Four species of Aspergillus produce aflatoxins: A. flavus, A. parasiticus, A.
nomius, and A. pseudotamarii (Richard et al., 2003). Of these four species, A. flavus and
A. parasiticus are of economic importance (Richard et al., 2003). Aspergillus parasiticus
produces all four aflatoxins while most strains of A. flavus only produce aflatoxins B1 and
B2, but strains of A. flavus that produce G1 and G2 are known (Scheidegger and Payne,
10

2003). Aspergillus flavus is more common than A. parasiticus on all commodities but A.
parasiticus is significant in peanuts (Richard et al., 2003). Aspergillus flavus is a
saprophyte capable of colonizing almost any food product in storage (Scheidegger and
Payne, 2003). It is also a weak pathogen and infects maize, peanuts, cottonseed, and tree
nuts pre-harvest (Payne, 1992).
Aspergillus flavus is a weak opportunistic pathogen of maize and causes
Aspergillus ear-rot during periods of plant stress (White, 2016). Aspergillus ear-rot is
generally a minor disease in the U.S., but A. flavus is still a significant pathogen due to its
production of aflatoxins (White, 2016). Pre-harvest aflatoxin contamination is a chronic
problem in the southeastern U.S. but can also occur in the Midwest (Lillehoj, 1987;
Payne, 1992). Maize is predisposed to pre-harvest aflatoxin accumulation by drought
stress and insect damage (Payne, 1992; Widstrom, 1996). Insect injury provides
infection sites and insects also serve as vectors transmitting A. flavus spores to those
infection sites (Widstrom, 1996). Aspergillus flavus is capable, though, of invading
undamaged kernels by colonizing silk tissue (Jones et al., 1980). Recommended
management practices typically focus on avoiding insect damage and plant stress (Bruns,
2003; Widstrom et al., 2003b). Transgenic Bt-corn has been effective in reducing
aflatoxin contamination by reducing insect feeding (Wu, 2006). Biocontrol strategies
relying on “competitive exclusion” have been developed where fields are inundated with
non-toxin producing strains of A. flavus that then outcompete the indigenous toxin
producing strains (Cotty, 2006; Dorner, 2004; Dramann, 2015). Results have recently
been published of experiments involving transgenic maize potentially capable of
interfering with the biochemical pathway that produces aflatoxin in A. flavus through
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host-induced gene silencing (HIGS) (Thakare et al., 2017). Both the biocontrol and the
HIGS strategies focus specifically on reducing aflatoxin contamination and not on
reducing A. flavus infection. It is too early to know how effective HIGS will be in
reducing aflatoxin in maize. Host-plant resistance by way of native resistance genes has
been described as “the most effective” (Widstrom et al., 2003b) and the “most desirable”
(Windham and Williams, 1999) method for controlling aflatoxin contamination in maize.
Integrated management through agronomic practices that reduce plant stress and control
insect damage, coupled with the deployment of host-plant resistance have been described
as the ideal (Widstrom et al., 2003). Most extension recommendations to producers focus
on planting adapted, drought tolerant hybrids, minimizing insect damage, avoiding plant
stress through sound agronomic practices, biocontrol, and proper harvest and storage
while conceding that resistant hybrids are not currently available (Isakeit, 2011).
Major outbreaks of aflatoxin contamination have occurred in the U.S. Over 90%
of the southeastern corn harvest was contaminated by aflatoxin in 1977 after a severe
drought and increased insect pressure (Zuber and Lillehoj, 1979). In 1988 a drought in
the Midwest led to one third of the test samples in the Corn Belt exceeding FDA limits
(Payne, 1992; Clements and White, 2004). A severe outbreak occurred across the
Southeast in 1998 due to unusually high temperatures, drought, and insect damage
(Windham and Williams, 1999). In Mississippi, 20% of corn was sold at reduced prices
and 4% abandoned completely due to aflatoxin contamination in 1998 (Robens and
Cardwell, 2003).
Monitoring and regulation (Park and Liang, 1993) results in aflatoxin
contamination of corn grain being largely an economic problem in the U.S. as opposed to
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a human health problem (Robens and Cardwell, 2003; Wu, 2015). Estimates vary, but
aflatoxin has been estimated to annually reduce the value of feed corn in the U.S. by
between $163 million (Wu, 2006) and $225 million (Richard et al., 2003).
Internationally, over 100 countries have established regulations limiting aflatoxin in food
and feed (van Egmond and Jonker, 2004; Wu, 2015).
In developing countries aflatoxin is a critical human health issue (Williams et al.,
2004; Wild and Gong, 2010; Wu, 2015). Aflatoxin contaminated maize is considered a
more widespread problem in Africa than anywhere else in the world (Widstrom, 1996).
Examples of outbreaks of acute aflatoxicosis are presented in Park and Liang (1993).
Consumption of contaminated maize caused an outbreak of acute aflatoxicosis in Kenya
in 2004 that resulted in over 125 deaths (Probst et al., 2007). Chronic aflatoxicosis is a
consistent health problem in the developing world and causes stunting in children and
immune system disorders (Williams et al., 2004; Wu, 2006). Aflatoxin also interacts
with hepatitis B and C to greatly increase the likelihood of liver cancers (Wu, 2006).
History
Discovery of aflatoxin
Aspergillus flavus was first recognized as a pathogen of maize in 1920 as the
causal agent of “yellow mold” (Taubenhause, 1920). Taubenhause, working at Texas
A&M, demonstrated that A. flavus infected developing maize ears and associated fungal
invasion with damage caused by corn earworm (Helicoverpa zea). In the same
publication he established A. niger as the causal agent of “black mold” in maize, which
he considered a more significant disease than “yellow mold.” He suggested that “black
mold” required the attention of plant breeders and entomologists, while “[t]o control
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yellow mold one has only to plant those varieties that have pendant ears” (p. 34) since
ears that remained erect “catch and hold water from rain or dew” (p. 5) and thereby
encourage fungal growth. He described both yellow and black molds of maize as
“widespread in most of the Southern States” (p. 4) and also cited examples of both
Aspergillus species as known storage-fungi, although he was the first to demonstrate that
they were pathogens of developing ears.
Prior to the discovery of aflatoxins, A. flavus in pre-harvest maize was only
considered problematic due to causing ear rot (Payne, 1992). Since Aspergillus ear-rot is
typically a minor disease (White, 2016), A. flavus was “of little concern” until the
discovery of aflatoxin in the 1960’s (Richard et al., 2003). Although aflatoxin was not
discovered until the 1960’s, reports in the literature connected veterinary diseases to
fungal contaminated corn over 100 years ago. Mayo (1891) described a disease of horses
in Kansas, “blind staggers,” and traced the disease to the horses being fed drought
stressed, moldy corn, infected by corn earworm (p. 110). It is possible that the disease
described by Mayo was caused by fumonisin as opposed to aflatoxin, but it demonstrates
that the consequences of mycotoxins in feed have been known for a long time. In 1957,
toxic strains of A. flavus were isolated from moldy corn implicated in poisoning pigs and
cattle in Georgia (Burnside et al., 1957).
The state of knowledge about mycotoxins just prior to the discovery of aflatoxin
is extensively reviewed by Forgacs and Carll (1962). They begin their review stating:
“Among the various maladies afflicting animals and human beings, the mycotoxicoses in
most countries are undoubtedly the least understood and the least investigated” (p. 274).
Their review includes discussions of “aspergillustoxicosis,” and “moldy corn toxicosis in
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the humid southeastern states.” They recognized mycotoxins that are secreted into the
substrate (secondary metabolites) as well as endotoxins present within the body of the
fungus. However, they limited their review to fungi that “proliferate as saprophytes,”
precluding discussion of toxins “formed during invasion of the living plant by causal
organisms.” This same point of view would predominate after the discovery of aflatoxin,
when aflatoxin contamination was treated as an exclusively post-harvest problem for a
decade and “a radical reorientation of scientific thinking” was necessary before aflatoxin
could be recognized as a pre-harvest issue (Lillehoj, 1987). It should be noted that
Forgacs and Carll did recognize pre-harvest toxins, specifically scab-infected grain, but
post-harvest mycotoxins were their focus.
The lack of research focused on mycotoxins, lamented by Forgacs and Carll,
changed before the publication of their review. In England, turkey production was struck
by an intense outbreak of an unknown, non-infectious disease in May of 1960 (Stevens et
al., 1960). The disease, continuing through the summer with over 100,000 turkeys dying
between May and August, was named “turkey X disease” while researchers attempted to
identify its cause (Blount, 1961). The disease was characterized by liver lesions (Siller
and Ostler, 1961) and by July poisoning was suspected due to failure to transmit the
disease from symptomatic to healthy birds, as well as the “general appearance” of the
turkeys (Blount, 1961). This was reinforced by reports that changes in the feeding
program of turkeys sometimes resulted in recovery while no other veterinary treatments
were working (Stevens et al., 1960; Blount, 1961). Feeding trials were initiated using
commercial rations from affected farms and these trials produced the characteristic postmortem liver lesions. Commercial feed was suspected but the cause remained unknown.
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A breakthrough came as the geographical distribution of the outbreak took shape
(Blount, 1961). At first, almost all cases were centered around London, but a second
outbreak suddenly appeared to the north in Cheshire County. Representatives from the
mill where the suspected feed rations were produced identified an ingredient common to
the mills serving the London and Cheshire areas. It was peanut meal imported from
Brazil, and 1960 was the first time the company had imported the ingredient from Brazil
(Blount, 1961). When the Brazilian peanut meal was used in feeding trials, it produced
turkey X disease in turkey poults (Blount, 1961). When company representatives
travelled to Brazil, they found that similar disease problems in livestock and poultry were
also being experienced there in 1960. Attempts to identify the toxin present in the
Brazilian peanut meal were begun in 1960, and continued into April of 1961 (Blount,
1961). This work focused on known contaminants, but none were found in significant
quantities.
By the end of April 1961, Allcroft et al. (1961) reported extracting the “toxic
factor” from the Brazilian peanut meal. By this time, the meal was known to be even
more toxic to ducklings than to turkey poults (Asplin and Carnaghan, 1961), and Allcroft
et al. demonstrated the toxicity of their extraction using ducklings as a bioassay. They
conclude their report, stating: “work is continuing with the aim of isolating and
identifying the toxic principle” (Allcroft et al., 1961). Refined methods for extracting the
toxin and conducting the duckling bioassay were published in November of 1961
(Sargeant et al., 1961b).
While researchers were studying the turkey X outbreak, Asplin and Carnaghan
(1961) were studying a similar condition affecting ducks in England. In the fall of 1960,
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they received notice that producers in Kenya were also experiencing severe losses of
ducklings. The Kenyan outbreak was traced to toxic peanut meal produced from peanuts
grown in Uganda (Asplin and Carnaghan, 1961). Then, during the first half of 1961, a
smaller outbreak of turkey X disease again occurred in England. These cases were traced
to peanut meal produced from peanuts grown in India, although the toxicity was not as
severe as in the Brazilian meal (Carnaghan and Sargeant, 1961). Samples of peanuts and
peanut meal from Nigeria, French West Africa, and Gambia also proved to be toxic
(Sargeant et al., 1961a). These findings were all based on the extraction and bioassay
protocols published by Sergeant et al. (1961b). Peanut meal was also demonstrated to be
toxic to large-animal livestock (cattle and pigs) and not just poultry (Loosmore and
Markson, 1961; Loosmore and Harding, 1961). The authors state that the toxin likely
would not have been detected in the Indian or African samples, nor would its effects have
been discovered in large-animals if not for the “marked toxicity of the Brazilian samples”
and the extensive outbreak of turkey X disease in 1960 (Sargeant et al., 1961a). By
November of 1961, peanut meal from three different continents were known to be
contaminated with the unknown toxin that was affecting both poultry and large-animal
livestock. The authors concluded their report, stating: “the origin of the toxic substance
is unknown but it could be derived from a micro-organism, possibly a fungus” (Sargenat
et al., 1961a).
In December of 1961, two landmark papers were published. The first, by
Lancaster et al. (1961), reported that laboratory rats fed the Brazilian peanut meal did not
show the same acute toxicity observed in poultry, which allowed for long term feeding
studies. These studies led to the discovery that the toxic peanut meal produced liver
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tumors (hepatoma), meaning that the unknown toxin was carcinogenic, an “unexpected
preliminary result” of “general interest,” in addition to its well established hepatotoxicity
(Lancaster et al., 1961).
In a companion article, Sargeant et al. (1961c) reported that they had further
purified the toxin extracted from the Brazilian peanut meal to a crystalline form and that
it had a characteristic blue fluorescence that could be used to determine its presence in
samples. The toxicity of a sample was directly proportional to the strength of its
fluorescence. Furthermore, the toxic peanut meal from Uganda was heavily
contaminated with fungus. Sargeant et al. (1963) credit Austwick with first observing the
presence of fungal hyphae in toxic samples and the mycological work is presented in
Austwick and Ayerst (1963). Pure fungal cultures were extracted from the Ugandan meal
and extractions from one of those cultures possessed the characteristic blue fluorescence
and produced the characteristic liver lesions in the duckling bioassay. The toxinproducing fungus was identified as Aspergillus flavus. Extracts from A. flavus grown on
sterilized peanut meal again contained the blue fluorescent compound and also produced
liver lesions in the duckling assay. This was definitive proof that A. flavus produced the
toxic compound, as well as a report of the properties of that compound isolated in a
purified state. The authors concluded their report, stating: “Since strains of Aspergillus
flavus are among the commonest fungal contaminants of cereal grains, it would not be
surprising if some grain samples were found to be contaminated with the toxic metabolite
described” (p. 1097).
The toxin described by Sargeant et al. (1961c) was named “aflatoxin” in 1962 and
defined as “the total toxic material derived from the fungus A. flavus” (Sargeant et al.,
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1963). Aflatoxin was soon shown to be a mixture of related compounds with Nesbitt et
al. (1962) differentiating between aflatoxins B and G based on their blue and green
fluorescence respectively, and van der Zijden et al. (1962) and De Iongh (1962)
differentiating between aflatoxins B1 and B2 while also demonstrating B1 to be more
toxic than B2. The chemical structure of aflatoxins B and G were derived by Asao et al.
(1963). Aflatoxin M1, a metabolite of aflatoxin present in the milk of lactating animals
fed aflatoxin contaminated feed, was discovered in 1964 (De Iongh et al., 1964).
Although Lancaster et al. (1961) had already shown preliminary evidence for the
carcinogenicity of aflatoxin, Richard (2008) in his historical review of aflatoxin research
credits Butler and Barnes (1964) as the first to definitively demonstrate its
carcinogenicity using purified aflatoxin as opposed to contaminated meal. Definitive
evidence that aflatoxin was a potent carcinogen is credited with sustaining intensive
research (Stoloff, 1979).
Leonard Stoloff, mycotoxin specialist for the US-FDA, reports that FDA officials
first became aware of the potential aflatoxin problem in early 1961 and of its potential
carcinogenicity from the Lancaster et al. paper published in December of 1961 (Stoloff,
1972). The evidence that the peanut meal was potentially a liver carcinogen was
especially alarming to the FDA due to research at Auburn University initiated before the
turkey X outbreak that indicated a connection between domestically grown U.S. peanuts
and liver cancer in laboratory rats (Stoloff, 1972). Salmon and Newberne (1963), first
observed unusually high rates of hepatoma in laboratory rats in 1959. They found that
hepatoma incidence increased when protein rations were prepared from peanuts obtained
from U.S. government surplus stock, but not when beef was used as the protein source.
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They also found that the carcinogen was removed from the peanut meal by methanol
extraction. A similar method was used to extract the toxic “factor” from the Brazilian
peanut meal implicated in the turkey X outbreak (Sargeant et al., 1961b). The FDA
initiated “rapidly expanding surveys” of peanuts, peanut butter, and peanut meal
produced in the U.S. and found “significant incidence” of aflatoxin in U.S. peanut
products (Stoloff, 1972).
At the conclusion of their article identifying A. flavus as the origin of the toxin
responsible for turkey X disease, Sargeant et al. (1961) also suggested that other grains
needed to be investigated due to the ubiquity of A. flavus. By 1963, the possibility that
aflatoxin could affect maize grain was raised in the literature based on the known
association of A. flavus with maize as well as the previously cited work by Burnside et al.
(1957) where toxic strains of A. flavus were isolated from feed toxic to cattle and pigs in
the U.S. (Spensley, 1963).
The research that led to the discovery of aflatoxin is often described as the
beginning of modern mycotoxicology (Lillehoj, 1987; Richard et al., 2003, Payne and
Yu, 2010). Stoloff (1979) contrasts mycotoxicology before and after the discovery of
aflatoxin according to the changing role played by an overt association with mold fungi.
The research reviewed by Forgacs and Carll (1962) centered on “mold-associated
toxicoses” whereas aflatoxin presented the possibility of secondary products of mold
metabolism contaminating food and feed even in the absence of overt evidence of fungal
contamination (Stoloff, 1979). This contrast was also relevant to the discovery of
aflatoxin. The overt presence of mold in the Ugandan samples pointed researchers
toward fungal toxins, and the isolates of A. flavus were cultured from the moldy Ugandan
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samples, not the Brazilian samples from which aflatoxin was originally extracted
(Sargeant et al., 1961c). If the discovery of aflatoxin began the “second era” of
mycotoxicology (Stoloff, 1979), it is interesting to see that the discovery was facilitated
by samples amendable to the methods and concepts of the first era. The possibility that
carcinogenic contaminants could be found in food and feed with no overt presence of
fungal molds presented new challenges to regulators and researchers (Stoloff, 1972).
Regional variation of aflatoxin contamination in U.S. maize
Surveys of domestic agricultural commodities for the presence of aflatoxin were
begun after finding widespread aflatoxin contamination in U.S. peanuts (Lillehoj, 1987).
Initial FDA investigations into the presence of aflatoxin in U.S. food and feed considered
“every commodity or manufactured product susceptible to mold damage” as a “likely
candidate for aflatoxin contamination” (Stoloff, 1979, p. 786). After extensive surveying,
the commodities most subject to contamination proved to be peanuts, certain tree nuts,
cotton seed, and maize (Stoloff, 1976, 1979).
The first survey of U.S. grain crops was conducted by the USDA-ARS Northern
Regional Research Center (NRRC) in Peoria, Illinois and covered the 1964 and 1965
crop years (Stoloff, 1976; Shotwell, 1977). It found little to no incidence in small grains
and soybeans, and just over 2% of the corn samples were contaminated at low levels (219 ppb) (Shotwell et al., 1969a and 1969b). The contaminated corn samples were all of
low-grades excluded from food markets (Shotwell et al., 1969b). The first survey of
maize focused on the Corn Belt since it was the primary production region (Lillehoj,
1987) and collected samples from commercial markets in Omaha NE, Peoria IL, and Des
Moines IA (Shotwell et al., 1969b). Private industry also surveyed corn from commercial
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markets in 1964 and 1965 and likewise observed a “relative freedom of commercial corn
from aflatoxin contamination” (Watson and Yahl, 1971, p. 155).
A second survey, focused specifically on maize, covered the 1967 crop year and
included southeastern markets in Mobile, AL and Memphis TN, although comparatively
few samples were drawn from these locations (Shotwell et al., 1970). Similar rates of
contamination (>2%, 12-25 ppb) were found in the second survey (Shotwell et al., 1970).
Similar results (>2%, 6-25 ppb) were found in a third NRRC survey when samples of
corn intended for export were collected at 10 ports between June 1968 and October 1969
(Shotwell et al., 1971). The cumulative results were described as “not … alarming” due
to the low rates of incidence, the low levels of contamination, and the poor grades of the
few contaminated samples (Shotwell et al., 1970, 1971; Shotwell, 1977).
A more limited survey was carried out by the NRRC in the 1969 and 1970 crop
years that focused specifically on southeastern maize (Shotwell et al., 1973). Despite the
consistently low levels of aflatoxin found in the first three surveys, there were still
“persistent stories of aflatoxin being found in southeastern corn involved in veterinary
problems” (Stoloff, 1976, p. 166). Shotwell et al. (1973) cite reports of aflatoxicosis in
broiler chickens (Smith and Hamilton, 1970) and in swine and cattle (Wilson et al., 1967)
that had been traced to aflatoxin contaminated corn-feed grown in the Southeast, when
explaining the motivation for the survey of southeastern maize. Samples were collected
from commercial markets in Alabama, North Carolina, South Carolina, Tennessee and
Virginia (Shotwell et al., 1973). The survey found 21 of the 60 samples to be
contaminated with aflatoxin, contaminated samples represented all grades, and 12 of the
21 contaminated samples exceeded 20 ppb (Shotwell et al., 1973). The rate of incidence
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was higher in the 1970 crop year than in 1969, which was explained as resulting from the
1970 southern corn leaf blight epidemic that devastated southeastern maize (Doupnik,
1972; Shotwell et al., 1973).
The southeastern survey led the FDA to intensify its monitoring of aflatoxin in
corn despite the encouraging results of the original surveys conducted in the Midwest
(Shotwell et al., 1973). Although limited, its results suggested to researchers that maize
from the southeastern U.S. possessed higher incidence of aflatoxin contamination
(Lillehoj, 1987). These first surveys all focused on stored commodities because A. flavus
was considered a storage-fungus (Lillehoj, 1987). As such, the observed regional
variation in the rate of contamination was difficult to interpret. (Lillehoj, 1987).
Pre-harvest aflatoxin contamination of maize
In the fall of 1971 the FDA recalled 79 metric tons of white corn-meal processed
by the Morrison Milling Company in Denton, TX from a shipment of white corn grown
in southeastern Missouri (Anonymous, 1971). This event is cited as particularly
important because the contaminated white corn was grown exclusively for human
consumption and the processors were confident of its post-harvest handling (Lillehoj et
al., 1975; Lillehoj, 1987). Given that aflatoxin contamination was considered a postharvest contaminant, this event alarmed industry representatives at the American Corn
Millers Federation, and industry concern led to the initiation of joint research between the
USDA-ARS and the Quaker Oats Company into the possibility of pre-harvest aflatoxin
contamination in developing maize (Lillehoj, 1987). The occurrence of A. flavus in preharvest maize was well known (Taubenhause, 1920), but the occurrence of aflatoxin in
23

the grain had been treated as a post-harvest issue resulting from poor storage conditions
up to this time.
The FDA recall in southeast Missouri grew to the point that a widespread default
on commodity loans was only averted by the federal government acting as a buyer of last
resort on condition that all of the purchased grain was delivered to a single receiving
point (Stoloff, 1976). This allowed for a massive study of aflatoxin contamination within
a single region and single year and the results were presented in Shotwell et al. (1975).
Shotwell et al. (1975) found 30% of the 1,283 truckloads of corn sampled to contain
aflatoxin and 14% at rates above 20 ppb. Attention was called to the fact that the noncontaminated truckloads came from the same region as the highly contaminated,
indicating that it was possible to “grow, harvest, and store corn without toxin formation
in an area where conditions are favorable for its formation” (Shotwell et al., 1975, p.
379). This demonstrated the need to study the conditions that predisposed maize to A.
flavus invasion, as well as the need to know when the infection was taking place
(Shotwell et al., 1975).
The Quaker Oats Company had already begun their research prior to the fall 1971
FDA recall of corn in southeastern Missouri. Their research was prompted by low levels
of aflatoxin detected at one of their mills in the spring of 1971 (Anderson et al., 1975).
That spring and summer they tracked corn samples through their processing facility and
found no increase between storage and the finished product. They then began in-field
sampling of white food-grade corn on farms “covering essentially all the corn producing
areas of the United States” six weeks prior to harvest in the fall of 1971 and carried the
sampling through harvest. This sampling led them to identify pre-harvest aflatoxin
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contamination occurring by the late milk stage (Anderson et al., 1975). They found
contamination in all regions, but the highest rates of incidence were in the “warmer, more
humid growing regions of the country” (Anderson et al., 1975). This paradigm changing
discovery was first reported in the literature in 1972 (Wyllie, 1972) although the full
results of the Quaker Oats research were not published until Anderson et al. (1975).
At the same time, researchers at Purdue University also conducted pre-harvest
sampling of corn for aflatoxin accumulation in the 1971 and 1972 crop years (Rambo et
al., 1974a). They cited the increased incidence of aflatoxin reported in the survey of
southern corn as compared to the earlier surveys of the Midwest (Shotwell et al., 1973),
as well as their personal communication with the Quaker Oats researchers as the impetus
for their work. Samples collected from 83 counties in Indiana over two years showed A.
flavus to be rare in pre-harvest maize, although its incidence increased in southern
counties (Rambo et al., 1974a). They found no aflatoxin in samples harvested as wholeears, but they did find low levels in eight of 163 combine-harvested samples. Combine
harvested samples were dried differently than hand-harvested ear-samples, and they were
unable to determine whether the difference in post-harvest handling was responsible for
the low levels of aflatoxin or if they were observing low-level pre-harvest contamination
(Rambo et al., 1974a). Either way, they conclude that “field infection of corn by A.
flavus in Indiana and possibly Kentucky appears of little consequence in regard to
production of significant levels of aflatoxin” although it was possible that the right
“combination of circumstances … could result in a serious field outbreak, particularly in
southern Indiana” (p. 603-604). They also concluded that field infection by A. flavus
may only be important for initiating post-harvest aflatoxin contamination. However, they
25

did site personal communication with the Quaker Oats researchers as reason to believe
pre-harvest aflatoxin accumulation could be more important in the South.
The Quaker Oats research team began artificial inoculation experiments in 1972
(Anderson et al., 1975). The inoculum was provided by ARS researchers at the NRRC as
part of the collaboration between Quaker Oats and ARS (Anderson et al., 1975; Lillehoj,
1987). The inoculation experiments represented a departure from the previous studies
conducted as sampling surveys, whether those were surveys of stored grain (Shotwell,
1977) or the pre-harvest sampling by Quaker Oats and Purdue University the year before
(Rambo et al., 1974a; Anderson et al., 1975). That same year, Rambo et al. at Purdue
also began their first artificial inoculation studies using 14 isolates of A. flavus and A.
parasiticus (Rambo et al., 1974b). The Purdue researchers cited the 1971 FDA seizures
in Missouri, and the preliminary finding of pre-harvest aflatoxin by the Quaker Oats
researchers in 1971 as motivating their inoculation study (Rambo et al., 1974b).
Both groups used wounding and non-wounding inoculation techniques and found
only the wounding techniques to produce aflatoxin (Rambo et al., 1974b; Anderson et al.,
1975). Rambo et al., (1974b) found differences in aflatoxin production between isolates
and also concluded that A. flavus had “limited parasitic ability” based on the limited postinoculation growth they observed in Indiana. Anderson et al. (1975) observed extremely
high levels of pre-harvest aflatoxin (up to 629,036 ppb) working in southwest Georgia,
and concluded that there is a six to eight week period of susceptibility starting two weeks
after flowering and continuing until the kernel matures and dries to 18-20% moisture.
Both Rambo et al., (1974a) and Anderson et al. (1975) were analyzing aflatoxin on a
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single kernel basis. The results of Anderson et al. (1975) were especially influential in
establishing pre-harvest aflatoxin contamination.
The USDA-ARS portion of the collaboration with the Quaker Oats group was
conducted by scientists at the NRRC and were published in Fennell et al. (1975) and
Lillehoj et al. (1975a). The ARS research consisted of extensive field sampling focused
on a 2,000 square mile area of southern Illinois and southeastern Missouri. They
observed higher levels of A. flavus incidence than earlier reports from the Midwest
(Shotwell et al. 1969b, 1970, 1971), as well as strong associations of aflatoxin
contamination with insect damage caused by corn earworm (Fennell et al., 1975; Lillehoj
et al., 1975a). The Quaker Oats researchers had also observed an association between
insect damage and aflatoxin contamination as well as an increase in aflatoxin when maize
plants were stressed due to dense populations (Anderson et al., 1975). Although, the
ARS researchers were working with “high-moisture” corn, they were unable to
definitively conclude that the aflatoxin they observed in the 1972 Indiana and Missouri
surveys was due to pre-harvest contamination (Lillehoj et al., 1975a).
An FDA seizure of corn in South Carolina in early 1973 prompted ARS
researchers to study corn from this area (Lillehoj, 1987). The South Carolina survey
found that, of 113 samples collected from different grain elevators, 60 were contaminated
with aflatoxin and 32 at rates higher than 20 ppb (Lillehoj et al., 1975b). Of the 184
samples taken from the field 92, were contaminated with aflatoxin and 62 at rates higher
than 20 ppb (Lillehoj et al., 1975b). The researchers also definitively concluded that the
field samples were contaminated pre-harvest (Lillehoj et al., 1975b). The results of the
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South Carolina surveys were further analyzed by Hessletine et al. (1976), focusing on
mycology, and Shotwell et al. (1977), focusing on entomology.
In summary, the increased incidence of aflatoxin in southeastern corn was
established in Shotwell et al. (1973) surveying corn from Alabama to Virginia and again
in Shotwell et al. (1975) working in southeast Missouri. Before aflatoxin contamination
was appreciated as a pre-harvest issue, this geographical distribution was difficult to
explain. Joint public-private research conducted between 1971 and 1975 definitively
demonstrated that aflatoxin accumulation occurred pre-harvest, especially in the
Southeast (Anderson et al., 1975; Lillehoj et al., 1975b). This research also established
an association between pre-harvest aflatoxin accumulation and plant-stress and insect
damage (Anderson et al., 1975; Fennell et al., 1975; Shotwell et al., 1977). The research
began with post-harvest sampling (Shotwell, 1977), progressed to pre-harvest sampling
(Rambo et al., 1974a; Anderson et al., 1975; Lillehoj et al., 1975a, 1975b), and came to
include artificial inoculation techniques (Rambo et al., 1974b; Anderson et al., 1975).
The findings changed the understanding of aflatoxin as exclusively produced
post-harvest by the saprophytic storage-fungus A. flavus, to also being produced preharvest by A. flavus as an opportunistic pathogen (Lillehoj, 1987). While, establishing
aflatoxin as a pre-harvest problem was important in explaining the geographical
distribution of aflatoxin contamination, it was also essential to motivating host-plant
resistance as a control strategy. Reducing post-harvest contamination by a saprophyte
was a matter of improving storage and processing, while reducing pre-harvest
contamination by a pathogen was a goal for plant breeders and agronomists.
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Experimentally-designed plot-work and possible host-plant resistance
The ARS began its first inoculation experiment in 1973, one year after the Quaker
Oats and Purdue University groups. This work was conducted through a collaboration
between researchers at the NRRC and M.S. Zuber of the ARS at the University of
Missouri, Columbia (Lillehoj, 1987). The ARS research differed from the earlier
inoculation experiments due to its focus on experimental design (Lillehoj et al., 1975c).
The article by Anderson et al. (1975) of Quaker Oats did not provide a description of the
experimental design and the aflatoxin results were reported on the basis of non-replicated
single kernels at a single location without statistical analysis. The Rambo et al. (1974b)
work at Purdue included different hybrids, different strains of inoculum, and different
methods of inoculation but no statistical analysis, as results were simply reported as the
percentage of ears with infection and the observed range of aflatoxin. The ARS research,
directed by Zuber (Lillehoj, 1987), was a split-plot design with two replications (Lillehoj
et al., 1976c). Four genotypes served as the main plot units (two endosperm counterparts,
normal and opaque-2, of two hybrids, one yellow and one white), and three inoculation
methods served as the sub-plot units (inoculation of ears with A. flavus spores 20 days
after mid-silk, mechanically damaged un-inoculated ears, and an untreated control). Ears
were hand harvested at four time points (15, 30, 45, and 70 days after inoculation), and
analyzed individually. Although the test was only conducted in one year, it was planted
in five locations: Peoria, IL; Columbia, MO; Tifton, GA; College Station, TX; and State
College, MS (Lillehoj et al., 1975c). The test is described as the “first interregional,
controlled investigation” of aflatoxin in maize (Lillehoj et al., 1987).
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Although the test differed from the Quaker Oats research in its design, it was
initiated in response to their observation of pre-harvest contamination in 1971 and 1972
(Lillehoj and Zuber, 1975; Lillehoj, 1987). It was also a departure from the previous
ARS work that focused on field sampling as opposed to controlled inoculations. Finally,
it was also the first aflatoxin in maize experiment to include ARS researchers at
Mississippi State University. At the Mississippi State location, the experiment was
conducted by M.C. Futrell of the USDA-ARS. Unfortunately, the test plots at
Mississippi State were infected with an unidentified virus and the Mississippi data could
not be analyzed with the other locations’.
An analysis of variance (ANOVA) showed location, hybrid, and sampling time to
be significant (Lillehoj et al., 1975c). The multi-location test confirmed earlier
observations of the regional nature of the aflatoxin problem: the TX and GA locations
had significantly higher levels of contamination than the MO and IL locations.
Endosperm type was not significant despite a previous report that opaque-2 endosperm
could be responsible for varietal differences in post-harvest aflatoxin accumulation
(Nagarajan and Bhat, 1972). The significant difference in aflatoxin levels between
hybrids was one of the first observations that hybrids may differ in their susceptibility to
aflatoxin accumulation. Anderson et al. (1975) of the Quaker Oats group had also
observed varietal differences and hypothesized that they were due to differences in
resistance to insects. Lillehoj et al. (1975c) concluded stating: “our study provides
unequivocal evidence that A. flavus infects developing field corn and produces aflatoxin
in the kernels if the fungus is introduced into the kernel” (p. 269).
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The multi-location experiments directed by Zuber continued through the 1970’s.
Differences in natural infection and contamination were observed in four hybrids
compared in 16 locations in 1972 and 1973, and two hybrids in 22 location in 1974
(Zuber et al., 1976). Over its three years, this study included locations in 18 different
states, including Mississippi State in 1974, again under the direction of Futrell of the
ARS (Zuber et al., 1976). Six southern-adapted hybrids were compared for differences in
susceptibility to A. flavus infection and aflatoxin accumulation under artificial inoculation
in South Carolina and Florida in 1974 (Lillehoj et al., 1976b). Comparisons between
eight open-pollinated southern varieties were made in eight locations in 1979, including
Mississippi State (Zuber et al., 1983). The 1979 research at Mississippi State was under
the direction of G.E. Scott of the ARS CHPRRU. Varietal differences in susceptibility to
aflatoxin accumulation were observed in each of these studies.
These observations were critical in advancing the hypothesis that pre-harvest
aflatoxin accumulation could be addressed through plant breeding. In their 1975 report to
the Annual Corn and Sorghum Research Conference, Lillehoj and Zuber made no
mention of host plant resistance in their discussion of “possible solutions” to the aflatoxin
problem in maize (Lillehoj and Zuber, 1975, p. 244-247). They divided control strategies
into pre and post-harvest and stated that “available research does not provide an
unequivocal basis for establishment of prevention techniques in the field” before turning
their attention to harvest and storage practices and possible decontamination procedures
(Lillehoj and Zuber, 1975, p. 245). They discussed the differences in aflatoxin
accumulation observed in the, then unpublished, study from South Carolina and Florida
(Lillehoj et al., 1976b) but said the “differences in susceptibility to the fungus could
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reflect simply a difference in husk protection from insect attack and associated
introduction of the spores into the kernel region of the ear” (Lillehoj and Zuber, 1975, p.
243).
However, there was a noticeable shift by the time they published the results of
that study. In Lillehoj et al. (1976b) they report aflatoxin levels showing “dramatic
differences among hybrids” when treated with insecticide and concluded that “the
evidence is convincing that a combination of hybrid selection and insect control can
provide a rational basis for reducing aflatoxin contamination of pre-harvest corn” (p.
484). They also stated that “apparently, an inherent difference exists between hybrids in
either susceptibility to A. flavus infection or inhibition of toxin synthesis” (p. 485).
While presenting the results of the 22 location test, they stated: “it will be important to
determine if there is resistance in some corn genotypes to invasion by A. flavus and/or to
aflatoxin production before any breeding work can be initiated to control the problem”
(Zuber et al., 1976). Thus, by his 1976 publications Zuber was clearly considering the
possibility of breeding for host plant resistance to aflatoxin accumulation.
In 1977, Zuber authored a review of the “current knowledge available on genetic
control of” aflatoxin in maize (Zuber, 1977). He cited moderate success in previous
breeding programs with regard to other ear-rot pathogens (Diplodia and Fusarium) and
noted that their resistance had proven to be quantitative with no “complete immunity”
identified. He suggested that reduction in ear-rot “should in turn be reflected in the level
of resultant mycotoxins” (173). However, he was already screening genotypes at the
University of Missouri but was finding no differential response to Aspergillus ear-rot. He
hypothesized that “mycotoxin levels in corn could be controlled by inherited differences
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in ability 1) to resist invasion of the fungus into the kernel, 2) to minimize the amount of
fungal growth with in a kernel or 3) to inhibit mycotoxin synthesis” (p. 174). Zuber cited
the observed differences between hybrids in the research outlined above, as well as in
independent research conducted in South Carolina by LaPrade and Manwiller (1976,
1977) as “strongly suggesting that the aflatoxin level was under genetic control” despite
his inability to produce differences in Aspergillus ear-rot (p. 175). Concern was
expressed that these differences may not be repeatable over years. He concluded the
review recommending that insect resistant southern adapted hybrids, as opposed to unadapted Corn Belt varieties, be planted to avoid the stress that predisposes maize to
aflatoxin accumulation in the Southeast since no resistant genotypes were available.
Heritability of host-plant resistance
Zuber began the first heritability study of resistance to aflatoxin accumulation in
maize in 1976 (Zuber et al., 1978). The year before, drought in regions of Iowa led to
pre-harvest aflatoxin contamination there, demonstrating that pre-harvest aflatoxin
accumulation was not an exclusively southeastern problem (Lillehoj et al., 1976a, 1977).
Then, before the results of Zuber’s 1976 experiment could be published, maize producers
in the Southeast were devastated by a major aflatoxin outbreak in the 1977 crop
(McMillian et al., 1978, 1980; Gray et al., 1982). More than 90% of the southeastern
corn crop was contaminated and many samples exceeded 1,000 ppb (Zuber and Lillehoj,
1979). The outbreak was associated with extreme drought stress and increased corn
earworm and fall armyworm pressure (Zuber and Lillehoj, 1979). Iowa was again
affected, with contamination also corresponding to drought stressed areas (Zuber and
Lillehoj, 1979).
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Zuber et al. (1978) examined eight randomly selected inbred lines under artificial
inoculation. The inbreds were examined in a diallel that included the 28 single crosses
and their reciprocals. General combining ability was highly significant while specific
combining ability was not significant. Zuber et al. (1978) concluded that “the results
suggest that the levels of aflatoxin B1 observed in corn infected with A. flavus were under
genetic control” and “a cyclic selection program should be effective in developing corn
lines with resistance to aflatoxin contamination.” Zuber et al. (1978) describes the study
as the first heritability of a “nonpathogenic fungus-plant association” (p. 1346). The
authors suggested that plant breeders working on aflatoxin accumulation in maize
prioritize screening lines in diallel analysis to try to identify resistance (Zuber et al.,
1978). In addition to wide screening, work was also needed on sampling and inoculation
techniques to try to reduce the variation observed in the early inoculation experiments
(Zuber and Lillehoj, 1979).
Beginning of CHPRRU research into aflatoxin in maize
The USDA-ARS initiated breeding work for resistance to aflatoxin accumulation
in maize at several locations in the late 1970’s and early 1980’s, including at Mississippi
State through the CHPRRU (Williams et al., 2015). This followed Zuber’s
demonstration of the heritability of host-plant resistance to aflatoxin accumulation and
the epidemic aflatoxin contamination experienced in the Southeast in 1977. The ARS
researchers at Mississippi State were already collaborators in the Zuber led research,
having participated in the first inoculation experiment conducted by the ARS in 1973
(Lillehoj et al., 1975c) and in subsequent studies (Lillehoj et al., 1978; Zuber et al., 1976,
1983). Independent CHPRRU research was initiated in 1978, the year after the
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devastating 1977 epidemic (King and Scott, 1982). This research began with the
development of inoculation techniques and germplasm screening (reviewed in Scott and
Zummo, 1987; Windham et al., 2003) and came to include germplasm development and
molecular mapping (reviewed in Williams et al., 2003, 2015).
Overview of CHPRRU research
Phenotyping
The pin-bar inoculation method was developed by the CHPRRU and was the
predominant inoculation method used in the unit’s early research (King and Scott, 1982).
In the pin-bar method, pins mounted on a bar and dipped in inoculum, were pressed
through the husk and into developing kernels resulting in mechanical damage to the
kernels and inoculation with A. flavus spores. After harvest, the ear was dried and kernel
rows were shelled separately according to their position relative to the wounded row.
Kernels from the same position were bulked between ears within a row. Surface
sterilized kernel samples were then assayed for A. flavus growth after being plated on
agar and incubated for seven days (King and Scott, 1982).
Next, the side-needle inoculation method was published in 1989 (Zummo and
Scott, 1989). The side-needle technique injected inoculum through the husk while trying
to avoid kernel damage. Kernels were mechanically shelled and bulked by ear with no
attention paid to position. The side-needle method was developed in an effort to identify
a technique that did not involve kernel wounding and that avoided the labor intensive
kernel-row specific hand-shelling used in the pin-bar method (Zummo and Scott, 1989).
The side-needle method was able to generate consistent levels of pathogen pressure
capable of distinguishing between resistant and susceptible genotypes, but was less labor
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intensive than the pin-bar which allowed for screening work to be conducted on a larger
scale (Zummo and Scott, 1989).
The side-needle method is still the method most commonly used by the CHPRRU
today (Windham and Williams, 2002). However, there are two important differences
between how the method is used today and how it was described in 1989. First, a small
amount of kernel damage is standard and the side-needle method is now considered a
wounding method (Windham et al., 2003). More importantly, grain samples are now
tested for aflatoxin accumulation instead of A. flavus infection. This change resulted
from the development of less expensive aflatoxin assays. This represents a change in the
phenotype being measured from fungal infection to toxin contamination. Different
inoculation methods are continuously being tested (Windham et al., 2009; Williams et al.,
2013), but the side-needle technique is the standard inoculation method in CHPRRU
research.
Germplasm
In the process of developing inoculation techniques, germplasm was screened
(Scott and Zummo, 1988). Annual germplasm screening continues today (Williams,
2006; Williams et al., 2008, 2015; Henry et al., 2012). In addition to screening
germplasm to identify potential sources of resistance, resistant breeding lines have been
developed and released. The first line released by the CHPRRU for resistance to A.
flavus infection was Mp313E (Scott and Zummo, 1990) followed by Mp420 (Scott and
Zummo, 1992). Both Mp313E and Mp420 were evaluated by the pin-bar method and
released for their resistance to kernel infection by A. flavus. Mp715 was evaluated by the
side-needle method and was the first line released based on resistance to aflatoxin
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accumulation as opposed to kernel infection (Williams and Windham, 2001). Mp717
was bred from a cross between Mp420 and Tx601 (Williams and Windham, 2006).
Mp718 and Mp719 were selected from a cross between Mp715 and Va35 (Williams and
Windham, 2012). Mp718 and Mp719 were bred in order to combine the resistance of
Mp715 with the agronomics of Va35. Mp717, Mp718 and Mp719 were all developed
using the side needle technique and evaluated for aflatoxin accumulation.
Molecular mapping
The germplasm lines released by the CHPRRU for resistance to aflatoxin
accumulation are intended to serve as donors of resistance alleles in breeding crosses.
Mapping studies have been conducted in order to identify markers that can be used in
marker-assisted selection to facilitate the introgression of these alleles. An F2:3
population created by crossing Mp313E and Va35 was the first to be phenotyped in 1997
(Willcox et al., 2013). The results of four bi-parental QTL mapping populations
phenotyped for aflatoxin accumulation after side-needle inoculation have been published:
Mp313E x Va35 (Brooks et al., 2005); Mp717 x NC300 (Warburton et al., 2009); Mp715
x T173 (Warburton et al., 2011); Mp313E x Va35 (Willcox et al., 2013). The results of
all four of these studies were included, along with the results of mapping studies
conducted outside the CHPRRU, in a meta-analysis of QTL mapping for resistance to A.
flavus infection and aflatoxin accumulation (Mideros et al., 2014). Association mapping
in a 300 line diversity-panel has also been conducted to identify markers associated with
resistance to aflatoxin accumulation (Warburton et al., 2013; 2015).
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Breeding for resistance to aflatoxin accumulation in maize outside the CHPRRU
Maize germplasm with resistance to aflatoxin accumulation has been released by
researchers outside of the CHPRRU. A maize germplasm population with resistance to
aflatoxin accumulation, GT-MAS:gk, was released by ARS breeders at Tifton, GA in
1993 (McMillian et al., 1993). Three germplasm lines have been released that were bred
out of GT-MAS:gk: GT601, GT602, and GT603 (Guo et al., 2007, 2011). A fourth
germplasm line, GT888, has also been released by the ARS breeders at Tifton (Scully et
al., 2016). GT888 was not derived from GT-MAS:gk and represents a new source of
resistance. Four germplasm lines – Tx772, Tx736, Tx739, and Tx640, have been
released by Texas A&M (Llorente et al., 2004; Mayfield et al., 2012). These lines were
derived from different genetic backgrounds than the Tifton and CHPRRU lines and so
represent additional sources of resistance. Six tropical lines were developed in a
collaboration between ARS breeders in Louisiana and maize breeders from the
International Institute of Tropical Agriculture (IITA) (Menkir et al., 2008). All six lines
were developed from crosses between elite tropical inbreds with “some levels of
resistance to aflatoxin production” and temperate germplasm with proven resistance.
Two of these lines, TZAR105 and TZAR106, were developed from crosses involving the
CHPRRU line Mp420. Two others, TZAR101 and TZAR104, were derived from crosses
involving GT-MAS:gk. The last two, TZAR102 and TZAR103, were derived from a
cross involving MI82, which had performed well in a laboratory screening assay used
extensively by the ARS researchers in Louisiana (Brown et al., 1995). Public sector plant
breeders working on resistance to aflatoxin accumulation coordinate their work through
the Southeast Regional Aflatoxin Trial (SERAT) (Wahl et al., 2017). There have also
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been many QTL mapping studies conducted on aflatoxin accumulation in maize by
researchers outside of the CHPRRU. Many of these are reviewed in the meta-analysis by
Mideros et al. (2014).
QTL mapping and marker-assisted selection
Contemporary QTL mapping relies on advances in molecular marker technology,
statistics, and computer science. However, it is important to note the extent to which its
concepts are built on those of classical genetics and statistics. Focusing on the genotypic
side of QTL mapping, we see that linkage mapping has been part of genetic analysis
since the first map was published in 1913 by Sturtevant, the mapping units later named
“centiMorgans” after his professor T.H. Morgan, an early advocate of the chromosome
theory of inheritance and a pioneer of Drosophila genetics. The maximum likelihood
algorithm implemented in JoinMap4 and used to create the Mp715 and Mp717 x Va35
linkage maps utilized the mapping function published by Haldane in 1919 (van Ooijen,
2006, p. 41). Turning our attention to the phenotypic analysis, the QTL Cartographer
manual explains that the multiple interval mapping analysis is based on Clark
Cockerham’s model for interpreting quantitative genetic parameters (NCSU BRC, 2010,
p. 63). Cockerham (1954, p. 863, 867) explained his model as an extension of the
partitioning of genetic variance first found in Fisher (1918) and then Wright (1935).
Wrights inbreeding coefficient (1922) was essential to both Cockerham’s and Wright’s
extensions of Fisher’s 1918 work. Fisher, Haldane, and Wright are considered the
founders of quantitative genetics (Falconer and Mackay, 1996, p. xiv). The earliest
example of QTL mapping was published by Sax in 1923. The “molecular dissection of
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the genetic architecture of quantitative traits” is a contemporary pursuit, but it owes much
to the founders of classical and quantitative genetics.
The ability to map QTL has progressed with the development of genetic markers.
Any simply inherited, observable discontinuity between individuals that reveals
differences in allelic state can serve as a genetic marker. There are three kinds of genetic
markers: morphological (phenotypes of qualitative Mendelian traits), biochemical
(isozymes), and “molecular” (DNA-based) (Collard et al., 2005). Sax’s 1923 study
revealed an association between the inheritance of plant height, a quantitative trait, and
simply inherited seed-coat characteristics in common bean (Phaseolus vulgaris). The
qualitative seed-coat traits served as morphological markers and their association with
plant height was interpreted as demonstrating linkage between the qualitative seed-coat
genes and the genes conditioning the quantitative variation for plant height. A similar
experiment was also conducted in maize examining correlations between kernel-row
number (a quantitative trait) and qualitative traits such as cob, aleurone, and endosperm
color, amongst others (Lindstrom, 1929, 1931). The goal was to identify which linkage
groups possessed genes conditioning kernel-row number. These early QTL mapping
studies were limited by the use of morphological markers. For markers to be most useful
in mapping studies they need to be polymorphic, neutral, abundant, and codominant
(Falconer and Mackay, 1996, p359). Morphological markers are often dominantrecessive traits as opposed to codominant, and the recessive state is often deleterious as
opposed to neutral (Tanksley, 1983).
The development of biochemical isozyme markers increased interest in mapping
the genes underlying quantitative traits. Isozymes are enzymes that catalyze the same
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biochemical reaction but differ in amino acid sequence. The difference in amino acid
sequence can result in differences in charge, which in turn can allow isozymes to be
differentiated by gel-based electrophoresis. The amino acid variation between
individuals reveals allelic differences between those individuals for the gene that encodes
the enzyme. Isozymes are sometimes referred to as “allozymes” to highlight this allelic
difference. The value of isozymes for assaying genetic polymorphism at multiple loci on
a population-wide scale was first demonstrated in the mid-1960’s (Stebbins, 1989).
Unlike morphological markers, isozymes are generally neutral and codominant, making
them well suited for genetic mapping (Stuber, 1989). Isozymes can also be assayed at
any point in plant development as opposed to morphological markers that are only
expressed at the appropriate stage of development, generally maturity (Stuber, 1992).
The potential use of isozymes in marker-assisted selection was brought to the
attention of the plant breeding community by Stuber and Moll (1972). Stuber and Moll
observed isozyme frequencies within a population changing over generations in response
to selection for grain yield. They conceded that it was unknown whether this was
because the enzyme itself was affecting yield or if it was because the gene encoding the
enzyme was linked to a “yield locus.” Either way the implication was clear: if selecting
on phenotypes produced changes in isozyme frequency, then selecting on isozymes
should produce changes in phenotypes. Stuber and Moll suggested that the ability to
make selections based on a simple laboratory assay that could be performed at the
juvenile stage represented something akin to “utopia for plant breeders,” while clearly
acknowledging that the science was nowhere near that point (p. 337). Later, Stuber et al.
(1982) demonstrated improved yield in a maize population after “selection based solely
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on … allozyme loci” (p. 737). Ragot and Lee (2007) describe the article by Stuber and
Moll (1972) as the first to show “associations between molecular markers and
quantitative traits” (p. 122). Holland et al. (2015) describe the article by Stuber et al.
(1982) as “probably the first empirical demonstration of marker-assisted breeding in
plants” (p. 5).
Associations between isozymes and quantitative traits were demonstrated in 1972
and the potential for selecting on isozymes in the improvement of quantitative traits was
demonstrated in 1982. The next step was to use isozymes to build linkage maps and then
map quantitative traits onto those maps in order to identify which isozymes to use as
markers for which traits. This was first accomplished in tomato (Tanksley et al., 1982).
Stuber published the first QTL mapping studies based on isozymes in maize in 1987
(Edwards et al., 1987; Stuber et al., 1987). The successful application of genotypic
selection in maize based on mapped QTL was published by Stuber and Edwards (1986).
However, isozymes are not abundant enough to construct dense genetic maps, and
the sparse linkage maps constructed from isozymes provided low resolution for mapping
QTL (Tanksley et al., 1989). The development of DNA-based molecular markers,
beginning with restriction fragment length polymorphisms (RFLPs), allowed for the
creation of dense linkage maps able to resolve the location of QTL with greater precision
(Tanksley, et al., 1989). The RFLPs were abundant, co-dominant, and neutral making
them ideal for mapping. Maize linkage maps based on RFLPs are reviewed in Davis et
al. (1999).
Despite their suitability for linkage mapping, RFLPs were not well suited for
marker-assisted selection. They were too labor intensive and unable to be miniaturized or
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automated (Ragot and Lee, 2007). The development of the polymerase chain reaction
(PCR) (Saiki et al., 1988) and simple sequence repeat (SSR) markers (Tautz, 1989)
resulted in a marker system suited to both linkage mapping and marker-assisted selection
(Ragot and Lee, 2007). The development of PCR based molecular markers systems,
including SSRs, and their use in mapping and plant breeding is reviewed in Mohen et al.
(1997).
Finally, a further advance was the development of single nucleotide
polymorphism markers (SNPs). Gupta et al. (2001) divide the development of DNA
based molecular markers into three generations with RFLPs representing the first, SSRs
the second, and SNPs the third. The allelic state of SNP markers can be differentiated
without gel-based electrophoresis through DNA chips or allele-specific PCR. The
elimination of gel-based marker scoring allows for further increases in miniaturization
and automation, and SNP markers are now the marker system of choice in maize
breeding (Ragot and Lee, 2007). The identification of SNPs and the development SNP
markers is explained in Batley et al. (2003) and Jones et al. (2009). The SNP markers
utilized in the development of the Mp715 and Mp717 x Va35 linkage maps were
competitive allele-specific PCR assays. Their suitability in marker-assisted plant
breeding is reviewed in Semagn et al. (2014). The development of modern marker
systems provided the molecular tools necessary to create dense genetic maps able to
identify QTL with increased precision. Their ability to rapidly generate large amounts of
genotypic data also made them suitable for use in marker-assisted selection.
In addition to the progress made in molecular marker systems, the statistical
methods used to create linkage maps and to map QTL have also progressed. There is an
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extensive body of literature on linkage mapping and QTL mapping (Liu, 1998; Rifkin,
2012), and only the methods employed in the present research will be discussed. Starting
with linkage mapping, as the number of markers in a linkage group increases, the speed
of calculating linkage maps becomes more relevant and efficient algorithms are required
(van Oijien, 2006, p. 25). The maximum likelihood algorithm employed by JoinMap4
was developed by Jansen et al. (2001).
Moving to QTL mapping, the first molecular marker based QTL studies in maize
(Edwards et al., 1987; Stuber et al., 1987) were conducted through single-marker
analysis. For each segregating marker, F-tests were used to test for significant
differences in the expression of a quantitative trait between marker genotypic classes
(Edwards et al., 1987; p. 117). Interval mapping (IM) was developed as an improvement
on the single-marker methods. Interval mapping makes use of genotypic information
from more than one marker at a time by testing for the presence of QTL at test positions
scanned between flanking markers instead of the effect of the individual markers
themselves (Lander and Botstein, 1989).
The adoption of IM raised statistical issues concerning the choice of critical
values for declaring the presence of significant QTL. Determining an appropriate critical
value was difficult due to theoretical complications in estimating the appropriate null
distribution (Churchill and Doerge, 1994). This was compounded by the use of the
genome scans introducing complications caused by multiple hypothesis testing (Churchill
and Doerge, 1994). A method for empirically estimating the critical value was developed
based on randomly “shuffling” phenotypes with genotypes in permutation tests to
simulate the null hypothesis of no systematic relationship between genotypes and
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phenotypes (i.e., no QTL linked to the markers) (Churchill and Doerge, 1994; Doerge
and Churchill, 1996).
Interval mapping included only one QTL effect in the model and the effects of
other QTL remained in the residual sum of squares, reducing the power of the tests to
identify significant QTL (Silva et al., 2012). Composite interval mapping (CIM) was an
extension of IM where selected markers unlinked to the markers flanking the test interval
served as covariates in the model (Jansen, 1993; Jansen and Stan, 1994; Zeng, 1993,
1994). The use of covariates allowed the model to capture some of the effect of other
QTL. Multiple interval mapping (MIM) procedures were developed that allowed
putative QTL to serve as the model covariates as opposed to markers (Kao and Zeng,
1997; Kao et al., 1999; Zeng et al., 1999). Multiple interval mapping models fit the
effect of all putative QTL at once, allowing for tests of epistatic interactions. The
advances in marker technology coupled with statistical advances in the creation of
linkage maps and the detection of QTL have led to QTL mapping experiments becoming
“routine” in crop genetics and plant breeding (Bernardo, 2008).
Critiques of QTL analysis in plant breeding
After reviewing the methods of QTL detection, it is worth stopping to remember
why we want to map QTL in the first place. We want to map QTL so that we can
identify the markers to be used in marker-assisted selection (MAS). Marker-assisted
selection should be pursued when it has an advantage over phenotypic selection. The
efficiency of phenotypic selection decreases as the heritability of a trait decreases. Hostplant resistance to aflatoxin accumulation in maize is considered a low heritability trait
(Warburton et al., 2009). This provides a clear motivation for conducting QTL analysis
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followed by MAS. However, Beavis (1998) argued from simulation studies, that the
power of QTL analysis to detect QTL also decreases when the heritability decreases.
This presents an obvious dilemma. QTL analysis is most powerful for high heritability
traits, but also less needed. QTL analysis is most needed for low heritability traits, but
also less powerful.
While Beavis’ critique was based largely on theory, there are empirical studies
based on cross-validation that have show the estimates of QTL effects to be biased
toward over-estimation (Melchinger et al., 1998; Schon et al., 2004). These experiments
mapped QTL in large bi-parental populations divided into sub-populations and used the
QTL models built in one sub-population (the estimation set) to explain the variance in the
other sub-populations (the test sets). The difference between the variation explained in
the estimation set and the test set was interpreted as the bias of the estimated QTL effects.
The bias decreased as sample size increased, but the bias was larger for traits with lower
heritability. The bias indicated that the amount of variation explained by the QTL was
over-estimated in the experiment set. This is significant if breeders plan to choose QTLs
to use in breeding based on the size of their estimated effects, i.e. how much variation
they are thought to explain. It means that MAS will often be less effective than predicted
by the QTL model.
Schon et al. (2004) suggested that MAS may only be successful for traits
controlled by relatively few QTL where alleles with large effects are segregating in the
population. They suggest quantitative disease resistance as a likely example of such an
oligogenic trait while suggesting that QTL mapping followed by MAS is less likely to be
successful for polygenic traits like grain yield (Shon et al., 2004). The success of
46

mapping QTL for resistance to aflatoxin accumulation will depend, then, on the genetic
architecture of the trait: how many QTL are responsible for the observed variation in
resistance. While resistance to aflatoxin accumulation is a quantitative trait, there needs
to be large effect QTL if MAS based on QTL mapping is going to be successful. Again,
this reminds us of Beavis’ dilemma. Schon et al. (2004) thus suggested that MAS might
be most practical for traits where individual QTL have large effects and where
phenotypic selection is expensive, since the efficacy of phenotypic selection is also
increased by the presence of individual alleles with large effects. Aflatoxin accumulation
is an example of an expensive trait to phenotype.
Reviewing examples of QTL analysis and MAS, Bernardo (2008) argued that
QTL mapping has become routine in academic literature but exploiting those QTL in
plant breeding is less routine. He stated that successful examples have been disease
resistance traits with relatively simple inheritance. These traits have higher heritability
and are controlled by few QTL with large effects. Bernardo argued that the utility of
QTL mapping for plant breeding declines as the number of genes conditioning a trait
increases. If markers are going to be used in breeding for polygenic traits, genomic
selection methods that do not treat QTL discovery as a separate endeavor are
recommended as the number of QTL conditioning a trait increases (Bernardo, 2008).
Genomic selection has been proposed as a potential strategy for improving resistance to
aflatoxin accumulation in maize (Jamman et al., 2013).
It is possible that our motivation for mapping QTL may be better described more
specifically than MAS in general. We are specifically attempting the “targeted
introgression” (Edwards et al., 1987) of disease resistance alleles from our un-adapted
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donor lines to susceptible but adapted recipient lines. Introgressing QTL is a scenario
where Bernardo (2008) recommends QTL analysis, but even then it is under the
assumption that major QTL are segregating in the population. Introgressing QTL is a
more conservative goal than breeding new lines. In fact, the lines whose resistance we
are attempting to map were bred by phenotypic selection. Targeted introgression, as a
goal, may justify QTL mapping better than general selection for a quantitative trait. This
does not get us around the possibility that introgression of identified QTL may have less
effect than predicted due to the potential upward bias of the effect of QTL.
It is possible that we are working with another dilemma. The genetics of
resistance to aflatoxin accumulation may be a polygenic low-heritability trait not well
suited to QTL analysis. However, it may also be that the only way public sector
germplasm lines will be utilized is if their resistance is mapped by molecular markers.
The value of the QTL mapped in this study, therefore, will not be known until they are
validated (or invalidated) in field experiments. This will be done after QTL mapping has
identified the QTL with the largest estimated effects, and those QTL are introgressed into
a different genetic background to measure their effect.
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CHAPTER III
MATERIALS AND METHODS
Population formation
Mp715 x Va35
An F2:3 mapping population was derived from the cross Mp715 x Va35. Mp715
is an aflatoxin accumulation resistant breeding line released by the CHPRRU and
developed from open-pollinated Tuxpan through eight generations of selfing and
selecting for reduced aflatoxin accumulation after field inoculation (Williams and
Windham, 2001). Va35 is a southern U.S. adapted, Non-Stiff Stalk inbred, developed in
Virginia by selfing out of the backcross [(C103 x T8) x T8] (Gerdes et al., 1993). T8 is
an inbred from Tennessee derived from open-pollinated Jarvis Golden Prolific, and C103
is an inbred from Connecticut derived from open-pollinated Lancaster Sure Crop (Gerdes
et al., 1993). Va35 is susceptible to aflatoxin accumulation and is routinely used as a
tester and as a susceptible check in CHPRRU research (Williams et al., 2008) as well as
serving as the susceptible parent in a previous bi-parental QTL mapping study (Willcox
et al., 2013). Va35 has also been used in CHPRRU breeding crosses to improve the
agronomics of resistant germplasm lines (Williams and Windham, 2012).
The original Mp715 x Va35 cross used in this study was made in the 2005-06
winter nursery and plants from the resulting F1 seed were self-pollinated in the 2014
summer nursery. Seed from one ear of a single self-pollinated F1 plant were planted as
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an F2 population in 25 nursery rows in the 2014-15 winter nursery. F2 plants were selfpollinated and individually harvested, creating 252 ear-to-row F2:3 families. Thirty-six
F2:3 families with insufficient seed for three replications over two years were sib-mated in
the summer of 2015 to increase seed while maintaining within family variation. In order
to prepare for further years of testing, 139 F2:3 families were sib-mated in the 2016
summer and 2016-17 winter nurseries.
Mp717 x Va35
An F2:3 population was derived from the cross Mp717 x Va35. Mp717 is an
aflatoxin accumulation resistant breeding line released by the CHPRRU (Williams and
Windham, 2006). It was developed through pedigree selection from an F2 population
derived from the cross Mp420 x Tx601. Mp420 is an aflatoxin accumulation resistant
breeding line previously released by the CHPRRU (Scott and Zummo, 1992). Mp420
was developed from a cross of Mp1, an inbred from open-pollinated Yellow Mosby, and
an S3 line from Hill Yellow Dent (Scott and Zummo, 1992). Tx601 is a Texas inbred
from open-pollinated Yellow Tuxpan (Gerdes et al., 1993). Tx601 was identified as a
source of resistance early in CHPRRU aflatoxin research (Scott and Zummo, 1988).
The Mp717 x Va35 cross used in this study was made in the 2012-13 winter
nursery. The resulting F1 seed was planted in the 2014 summer nursery and the F1 plants
self-pollinated to produce F2 seed. The F2 seed for this mapping population came from
two ears from two self-pollinated F1 plants. F2 seed was planted in 25 nursery rows in the
2015 summer nursery. F2 plants were self-pollinated and individually harvested creating
327 ear-to-row F2:3 families. In order to prepare for further years of testing, 26 F2:3
families were sib-mated in the 2016 summer and 2016-17 winter nurseries.
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Field conditions and experimental design
Mp715 x Va35
The Mp715 x Va35 mapping population was planted in two tests (two years at
one location) in the summer of 2015 and 2016 at the R.R. Foil Plant Science Research
Center, Mississippi State, Mississippi. The 2015 test was planted May 6 and the 2016
test on April 26. Test entries were the inbred parents, their F1, and the derived F2:3
families. In both tests, entries were grown in a randomized complete block design with
three replications. All 252 F2:3 families were planted in the 2015 test, but only 244
families were included in the 2016 test due to a shortage of seed for some families. The
experimental unit consisted of a plot. Each plot was a single 5.1 m row planted to a
single entry with 0.96 m row spacing. Rows were overplanted and, at approximately the
V3-V4 stage (Abendroth et al., 2011), thinned to 20 plants row-1. Management of test
plots followed standard agronomic practices.
Mp717 x Va35
The Mp717 x Va35 mapping population was planted in two tests (two locations in
one year). It was planted in the summer of 2016 at the R.R. Foil Plant Science Research
Center, Mississippi State, Mississippi and at the Quaker Research Farm, Texas A&M
AgriLife Extension Center, Lubbock, Texas. The tests were planted on April 26 in
Mississippi and May 11 in Texas. Entries (inbred parents, their F1, and derived F2:3
families) were grown in a randomized complete block design with three replications at
both locations. All 327 families were included in the Mississippi test, but due seed
shortage, only 322 families were planted in the Texas test. Experimental units consisted
of a plot planted to a single entry. At Mississippi State each plot was a single 5.1 m row
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with 0.96 m spacing. Plots were overplanted and thinned to 20 plants. Plots received
supplemental furrow irrigation throughout the growing season and management of test
plots followed standard agronomic practices. At Lubbock, plots were two 3.05 m rows
with 1.02 m spacing. Rows were overplanted and thinned to 15 plants. Soil moisture
was maintained by sub-surface drip irrigation while further management of test plots
followed standard agronomic practices.
Phenotyping
Inoculum preparation and in-field inoculation of developing ears were performed
using the side needle technique according to Zummo and Scott (1989) and Windham and
Williams (2002). Aflatoxigenic A. flavus strain NRRL 3357 (ATCC #200026) was used.
Fungal inoculum was increased on sterile corn-cob grits (size 2040, Grit-O-Cobs, The
Anderson Co., Maumee, OH) in 500 ml flasks, each containing 50 g of grits and 100 ml
of sterile, distilled water, and incubated at 28°C for 3 weeks. Conidia from each flask
were washed from the grits using 500 ml sterile distilled water containing 20 drops liter-1
of Tween 20 (Atlas Chemical Industry, Inc., London, UK) and filtered through four
layers of cheesecloth. Concentrations of conidia were determined with a hemacytometer
and adjusted with sterile distilled water to 9x107 conidia ml-1. Inoculum not used
immediately was stored at 4°C.
The top ear of each plant was inoculated with the A. flavus conidial suspension 10
days after mid-silk (50% of the plants in a plot had emerged silks). A 3.4 -ml suspension
containing 3x108 conidia was injected through the husk with an Idico tree marking gun
(Idico Products Co., New York, NY) fitted with a 35 mm 14-gauge needle. Inoculated
ears in each plot were harvested by hand at kernel maturity, bulked by plot, and dried at
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38°C for 7 days in order to reach a uniform moisture concentration between 13 and 15%.
Ears (bulked by plot) were machine shelled and the grain mixed by pouring through a
sample splitter twice. The entire grain sample was ground using a Romer subsampling
mill (Romer Industries Inc., Union, MO) and a 50 g sample of ground grain was used for
analysis. Aflatoxin concentration was determined using the VICAM AflaTest (VICAM,
Watertown, MA) in compliance with USDA test protocol (USDA, 2002). The VICAM
Aflatest method uses immunoaffinity chromatography to isolate aflatoxins (B1, B2, G1,
and G2) and fluormetric detection to quantify concentrations as low as 1.0 ng g-1 in grain
samples. Aflatoxin concentration data was transformed using ln(y +1) to normalize the
distribution. The raw and transformed aflatoxin concentrations were the response
variables for each plot.
Genotyping
Tissue collection and DNA extraction
Leaf tissue samples were taken for both populations in summer 2015. For the
Mp715 x Va35 population, leaf tissue was bulk collected from all F2:3 plants in a plot
from the first replication of the test. For the Mp717 x Va35 population, leaf tissue was
collected from each F2 plant prior to self-pollination. Tissue samples were frozen in
liquid nitrogen, lyophilized (Freezone Benchtop System, Labconco, Kansas City, MO),
and ground using a Tecator Cyclotec-1093 sample mill (FOSS, Inc., Eden Prairie, MN).
DNA was extracted according to a modification of the CTAB method (Murray
and Thompson, 1980; Saghai-Maroof et al., 1984). Tissue (140 mg) was dispersed in 3
ml CTAB extraction buffer (50 mM Tris, pH 7.5/ 0.7 M NaCl/ 10 mM EDTA/ 1%
hexadecyltrimethylammonium bromide (CTAB)/ 0.1% 2-mercaptoethanol) and incubated
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at 65°C for 60 min while rocking. Chloroform/ octanol, 24:1 (vol/ vol) was added (1.4
ml) and the solution mixed by inverting before incubating at room temperature for 10 min
while rocking. The emulsion was then centrifuged for 10 min at room temperature at
5125 x g. The aqueous layer was transferred to a new tube and combined with 1.4 ml
chloroform/ octanol (24:1) (vol/ vol), mixed, and rocked at room temperature for 10
minutes. The mixture was centrifuged for 10 min at 5125 x g and the aqueous layer
transferred to a new tube. RNAse A (17 μl at 10 mg ml-1; Sigma-Aldrich Co., Saint
Louis, MO) was added, mixed by inverting, and allowed to incubate at room temperature
for 60 min. Ice-cold isopropanol (2 ml) was added and mixed by inverting. Precipitated
DNA was removed with a glass hook, washed once in 76% ethanol/ 0.2 M NaOAc and
then in 76% ethanol/ 10 mM NH4OAc before being dissolved in 200 μl TE. DNA
concentration was quantified using a NanoDrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, Inc., Wilmington, DE) and samples were diluted to a common stock
concentration in TE buffer.
SNP genotyping
The majority of genotyping was performed using single nucleotide polymorphism
(SNP) markers. These markers were scored as competitive allele specific PCR (KASP)
assays designed by LGC Genomics (Teddington, UK). Pre-validated SNPs were
available through LGC Genomics’ maize genotyping library and additional SNPs were
custom designed for CHPRRU through LGC Genomics’ “KASP by Design” service.
The KASP SNP assays contain two competitive allele specific forward primers and one
common reverse primer. The forward primers include a tail sequence that complements
the fluorescently labeled component of one of two fluorescent resonance energy transfer
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(FRET) cassettes included in the KASP master-mix. When the fluorescently labeled
component of the FRET cassettes binds to its complementary tail sequence within the
allele specific forward primer, an allele specific fluorescent signal is emitted. 517 SNP
markers were screened on the parents and the F1 of both populations in order to identify
markers that were polymorphic and co-dominant within the population. Selected markers
were then run on the entire population.
Polymerase chain reaction was performed in 384 well plates loaded with an
epMotion 5073m automated liquid handling system (Eppendorf AG, Hamburg,
Germany). Template DNA (2.5µl, 10ng µl-1) was loaded into the wells and allowed to
dehydrate on the benchtop overnight. 2.5µl molecular grade H20 (Sigma-Aldrich Co.,
Saint Louis, MO), 2.5µl KASP master-mix and 0.7µl KASP SNP assay (LGC Genomics
Limited, Teddington, UK) were added to each well pre-loaded with dehydrated template
DNA. The KASP master-mix contained FRET cassettes, a reference dye, Taqpolymerase, free nucleotides, and MgCl2 in buffer solution. Prior to PCR, the plates were
sealed with an optically clear seal in a K-Seal heat-based plate sealer (KBioScience,
Beverly, MA). The PCR was performed in a 65-57°C touchdown protocol according to
LGC Genomics’ KASP thermal cycling conditions manual (Teddington, UK). Thermal
cycling steps were: (1) 94°C for 15 min (x1 cycle, “hot-start” Taq activation); (2) 94°C
for 20 s. and 65°C for 60 s, with the second temperature decreasing 0.8°C per cycle to
achieve a final annealing/extension temperature of 57°C (x10 cycles, “touchdown”); (3)
94°C for 20 s and 57°C for 60 s (x26 cycles, amplification); (4) 10°C indefinitely. A
second round of PCR (94°C 20 s, 57°C 60 s, x10 cycles), was performed for assays with
unclear genotyping results.
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As cycles of PCR progress, the tail sequences of the allele specific forward
primer, along with the targeted genomic region, are both being amplified. The labeled
component of the FRET cassette binds to the tail sequence with increased frequency as
this sequence increases in abundance, releasing the fluor from the quencher component of
the cassette, generating the allele-specific fluorescent signal. This signal, expressed as
differential fluorescent intensity, was read on a FLUOstar Omega microplate reader
(BMG-Labtech, Ortenberg, Germany) and the resulting data was processed in MARS
Data Analysis software (BMG-Labtech, Ortenberg, Germany). MARS output was
imported into KlusterCaller software (LGC Genomics, Teddington, UK) and the
fluorescent signal interpreted as allele calls.
SSR genotyping
Additional simple sequence repeat (SSR) markers were added to both populations
to increase marker density after preliminary linkage mapping. These markers were
chosen based on bin location (Davis et al., 1999) as reported in the Maize Genetics and
Genomics Database (www.maizegdb.org) with the intent of filling large gaps between
SNP markers. To identify co-dominant polymorphic markers, 207 SSRs were screened
on the inbred parents and F1 of both populations prior to running the selected markers on
the entire population. Primer pairs were synthesized by Integrated DNA Technologies
(IDT Inc., Coralville, IA). The primers used were developed by the following companies
and research institutions (primer codes in parentheses): Brookhaven National Laboratory
(bnlg), Pioneer Hi-Bred International (phi), DuPont (dupssr), and the University of
Missouri-Columbia (umc).
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Markers were amplified via PCR in thin-walled 96 well plates using RedTaq
ReadyMix PCR reaction mix and its recommended protocols (Sigma-Aldrich Co., Saint
Louis, MO). The RedTaq reaction mix contained DNA polymerase, MgCl2, free
nucleotides, and reaction buffer. A single PCR reaction included: 0.5 µl (10 nM) forward
primer, 0.5 µl (10 nM) reverse primer, 1.5 µl molecular grade H20, 7.5 µl RedTaq, 5.0 µl
(10 ng µl-1) template DNA. The PCR protocol was: (1) 95°C 2 min (x1 cycle); (2) 94°C
1 min (denaturing), a gradient of 55-58°C for 1 min (annealing), and 72°C 2 min
(extension) (x34 cycles); (3) 72°C for 5 min (x1 cycle); (4) 10°C indefinitely. The PCR
products were separated by electrophoresis in 1x TBE agarose gels (4% w/v), and
visualized with ethidium bromide using an AlphaImager Gel Imaging System (Alpha
Innotech, San Leandro, CA). Marker genotypes were scored visually from imaged gels.
Linkage mapping
Genotypic data were loaded into JoinMap 4 mapping software (van Ooigen, 2006)
in order to calculate summary statistics, determine linkage groups, and estimate linkage
distances within groups. The genotypic data for the Mp715 x Va35 population included
139 markers (112 SNPs and 27 SSRs) scored on 252 F2:3 families. The genotypic data
for the Mp717 x Va35 population consisted of 135 markers (113 SNPs and 22 SSRs)
scored on 327 F2:3 families.
Summary statistics included Chi-square tests of individual locus genotype
frequencies to detect segregation distortion, similarity of loci to detect redundant
markers, and similarity of individuals to detect genotyping errors. Linkage groups were
determined using the LOD-value of the test for independence as the test statistic.
Linkage distances within linkage groups were calculated using JoinMap’s Monte Carlo
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maximum likelihood (ML) mapping algorithm (Jansen et al., 2001) with the Haldane
mapping function (Haldane, 1919). The relative map positions of SSR markers were
confirmed by comparison with known positions in MaizeGDB (Lawrence et al., 2008).
The relative positions of SNP markers were confirmed according to expected allele
positions provided by the manufacturer (LGC Genomics, Teddington, UK) and by
sequence BLASTs (Basic Local Alignment Search Tool) in MaizeGDB.
Statistical Analysis of Phenotypes
Descriptive statistics of the raw and natural log-transformed phenotypes were
calculated on the F2:3 family means using the PROC UNIVARIATE function in SAS 9.4
(SAS Institute, 2014, Cary, NC). Entry means were used as opposed to plot level data,
because the entry means are the phenotypes used during QTL analysis. Natural logtransformed plot level data of all entries was used to contrast generation means within
each environment after analysis of variance (ANOVA) in PROC GLM. The ANOVA
was conducted according to the generalized linear model and generation was treated as a
fixed factor while block was treated as a random factor. A second ANOVA was
performed on the F2:3 family plot level data in PROC GLM in order to test the
significance of environment, F2:3 family genotype, genotype x environment interaction,
and block(environment) in determining aflatoxin levels. All factors were treated as
random. Variance components were estimated in PROC MIXED using restricted
maximum likelihood (REML), and broad-sense heritability estimated according to the
methods in Holland et al. (2003, p. 81-85 and 100-101). The natural log-transformed
aflatoxin level was the response variable in all ANOVAs.
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QTL analysis
For both populations, source data files combining linkage map data extracted
from JoinMap4, genotypic data from both SNPs and SSRs, and phenotypic data (raw and
transformed) from individual environments and averaged over environments were created
in QTL Cartographer version 2.5 (Wang et al., 2012). Composite interval mapping
(CIM) (Jansen, 1993; Jansen and Stan, 1994; Zeng, 1993, 1994) was implemented to
locate QTL that were then used as the initial model terms in multiple interval mapping
(MIM) (Kao and Zeng, 1997; Kao et al., 1999; Zeng et al., 1999).
For the CIM procedure, LOD thresholds (critical values) were empirically
estimated for each trait by 1,000 permutations (Churchill and Doerge, 1994; Doerge and
Churchill, 1996) in order to maintain a genome-wide 0.05 level of significance. The
forward and backward regression method, or “stepwise selection,” was used for cofactor
selection with a 10-cM window size for the genome scans. For the stepwise selection of
cofactor markers, α = 0.1 was used as the critical value for the statistical tests to add and
to remove a marker from the set of cofactors. The walk speed, i.e. the grid of positions to
be tested for putative QTL, was set at 0.5-cM. The LOD score at each test position is the
log10 of the ratio of the likelihood of the full model to the likelihood of the reduced model
(Jansen, 2007). The full model included both the additive and dominance effects of a
putative QTL, and the reduced model included no QTL effects (Silva et al., 2012). The
QTL peaks with LOD scores clearing the permutation based threshold, with a minimum
of 5-cM between QTL, were declared significant.
The significant QTL from CIM were used as initial model terms in MIM. The
MIM models were refined by stepwise testing according to the guidelines of Silva et al.
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(2012): 1) search for new main effect QTL, 2) search for epistatic interactions between
identified QTL, 3) test for the significance of epistatic terms, 4) test for the significance
of main effect QTL without interactions, and 5) optimize the positions of the final QTL.
After each cycle of testing, new terms (main effect QTL or epistatic interactions) were
added to the model only if they decreased the Bayesian Information Criterion (BIC;
Schwarz, 1978; Piepho and Gauch, 2001). The BIC favors models with higher
likelihoods but avoids over-fitting by including a penalty for each additional parameter
added. After the final model was chosen, QTL effects (additive, dominance, and
epistasis) were simultaneously estimated using the “summary” option. These effects
represent the proportion of phenotypic variation explained by each QTL.
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CHAPTER IV
RESULTS AND DISCUSSION: MP715 X Va35
Linkage Mapping
Summary Statistics
The initial genotypic data for the Mp715 x Va35 population included 139 markers
scored on 252 F2:3 families. Before linkage groups were determined, the following
summary statistics for the genotypic data were calculated in JoinMap4: similarity of
family genotypes, similarity of loci, and locus genotype frequencies. Two families,
denoted 120 and 121, had a similarity of 0.978 across loci. Upon inspection of the data,
their genotypes were identical across all loci with the exception of missing data. These
two families were both excluded from further analysis, including phenotypic analyses,
under the interpretation that they represented a single family genotyped twice but two
different families phenotyped once, with no practical way to match the genotype to the
phenotype. One locus, PZE05198883041, was excluded from analysis due to its
similarity across families (0.988) with another locus, PZE05198883770. These SNPs are
known to be very closely linked (729 base pairs), and when both loci were included in
initial mapping, they occupied the same map position and one was dropped due to its
redundancy. Further analysis therefore proceeded with 138 markers genotyped on 250
F2:3 families (down from the original 139 markers on 252 families).
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Within a single locus, the genotypic frequency among F2:3 families is expected to
be the same as in an F2 population, and linkage mapping is conducted according to the
expectations of an F2 population. The observed single locus genotypic frequencies are
compared to these expected genotypic frequencies in a chi-square goodness-of-fit test to
determine if markers are exhibiting segregation distortion. Twenty-six markers (19%)
showed significant segregation distortion (α = 0.05) (Table 4.1). This proportion of
markers is consistent with reports of segregation distortion ranging from 9% to 34% in
maize mapping populations (Lu et al., 2002).
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Table 4.1

Markers showing significant segregation distortion (α=0.05) in the Mp715
x Va35 population on chromosomes 1-10.

Locus

Bin

PZA02292_1
PHM5622_21
S2_1335000
PHM6552_113
PZA02272_3
PZA02168_1
PHM4880_179
umc1516
PHM12859_7
umc1458
bnlg1144
umc1030
PZA02134_3
PZE03142269142
Zm_32462_449
umc1489_874
PZA02616_1
PHM3342_31
PZA02207_1
ae1_7
PZE05198883770
PZA00498_5
PHM5468_25
PZA03182_5
PZB01110_6
PHM1911_173

1.03
1.06
2.01
2.02
2.02
2.04
2.05
2.08
3.02
3.02
3.02
3.04
3.04
3.05
3.06
3.07
3.08
3.09
5.03
5.04
5.06
8.03
8.05
8.06
9.03
9.07

A
40
44
47
38
40
48
60
61
116
115
115
127
120
112
89
84
79
72
45
44
49
77
78
71
47
57

Marker Genotypes†
H
B
135
68
130
68
120
75
122
74
142
64
141
45
142
43
100
82
110
13
102
18
105
19
111
9
110
15
119
16
127
29
132
26
136
30
137
40
142
55
140
57
145
54
122
47
125
45
134
41
143
59
110
78

7
8
8
16
4
16
5
7
11
15
11
3
5
3
5
8
5
1
8
9
2
4
2
4
1
5

χ2
**9.45
*6.10
*6.50
***11.5
**10.55
**9.92
*8.57
***11.24
****90.29
****84.17
****80.64
****115.28
****92.55
****74.95
****29.72
****29.80
****22.58
***10.73
*8.12
*7.71
*7.31
*7.33
*8.80
*9.28
*6.65
*6.15

* Significant at α=0.05.
** Significant at α=0.01.
*** Significant at α=0.005.
**** Significant at α=0.0001.
† Genotypic classes: A = homozygous for Mp715 allele, H = heterozygous, B = homozygous for Va35
allele, “-” denotes missing genotypes.

Nine markers had chi-square statistics indicating deviation from the expected
genotypic frequency at the most stringent level of significance reported (α=0.0001)
(Table 4.1). All nine of these markers (umc1458, PHM12859_7, bnlg1144, umc1030,
PZA02134_3, PZE03142269142, Zm_32462_449, umc1489_874, and PZA02616_1) are
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linked on chromosome 3 (Table 4.2). Such highly significant chi-square test statistics
could be interpreted as indicating genotyping errors or dominant expression of the
marker. However, given that all of these markers are on chromosome 3 (bins 3.02 3.08), they all mapped in the correct order according to their estimated physical location
on the chromosome, and they were all skewed toward the same genotype (the Mp715
allele) (Table 4.2), it is likely that a gene causing segregation distortion is segregating
within this population. If such a gene is segregating within a population, then markers
linked to it will also exhibit distorted ratios (Lu et al., 2002). Consistent with these
results, bins 3.03 - 3.07 on maize chromosome 3 are previously reported to contain
segregation distortion regions based on comparisons of linkage maps from multiple
maize populations (Lu et al., 2002).
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3.02
3.02
3.02
3.04
3.04
3.05
3.06
3.07
3.08
3.09
3.09
3.09

Bin

Marker Genotypes¶
A
H
B
115
102
18
15
116
110
13
11
115
105
19
11
127
111
9
3
120
110
15
5
112
119
16
3
89
127
29
5
84
132
26
8
79
136
30
5
72
137
40
1
62
134
46
8
64
124
59
3

*** Significant at α=0.005.
**** Significant at α=0.0001.
† Physical position of SSRs are according to corresponding locus in MaizeGDB.
‡ Physical positon of SNP allele for pre-validated KASP markers are provided by LGC Genomics.
§ Physical positon for “KASP by design” SNP assays are according to assay sequence BLASTs in MaizeGDB.
¶ Genotypic classes: A = homozygous for Mp715 allele, H = heterozygous, B = homozygous for Va35 allele, “-” denotes missing data.

Genetic position
Physical position
centiMorgans
base pairs
0.0
4,680,171 - 4,680,743†
4.9
5,674,924‡
7.4
5,318,712 - 5,319,570†
40.9
14,930,274 - 14,930,692†
47.1
67,698,584‡
50.9
146,114,861 - 146,134,961§
71.9
176,605,227 – 176,625,427§
77.5
200,371,809-200,392,009§
90.1
211,802,125‡
100.8
217,776,854‡
110.6
223,266,374‡
129.6
230,269,454‡

****84.17
****90.29
****80.64
****115.28
****92.55
****74.95
****29.72
****29.80
****22.58
***10.73
4.91
0.21

χ2

The genetic and physical position, the marker genotype frequencies, and χ2 statistic for segregation distortion for each
marker on chromosome 3 in the Mp715 x Va35 population.

umc1458
PHM12859_7
bnlg1144
umc1030
PZA02134_3
PZE03142269142
Zm_32462_449
umc1489_874
PZA02616_1
PHM3342_31
PZA00402_1
PZA00088_3

Marker Name

Table 4.2
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The most common cause of segregation distortion in maize is the presence of
gametophytic factors (Lu et al., 2002), and even the most extreme case observed in this
data, umc1030 (χ2=115.28), is consistent with a relatively simple account of such factors.
For instance, there are three individuals’ genotypes missing for umc1030. The remaining
247 individuals contain 494 alleles at the umc1030 locus with half of these inherited from
the female side of the selfed F1 (247 alleles). If segregation is normal during production
of female gametes, then half of these alleles (~124) would be the Va35 allele and half the
Mp715 allele. However, if there was segregation distortion on the male side of the selfpollination (pollen lethals, pollen tube competition, preferential fertilization) then one
allele, and the genotypes containing it, will be more common in the progeny. For
umc1030, there were 111 heterozygotes (containing 111 Va35 alleles) and 9
homozygotes for the Va35 allele (containing 18 Va35 alleles), resulting in 129 total Va35
alleles in the F2:3 population. The 129 observed Va35 alleles is consistent with the ~124
predicted from a simplified case where there is no segregation distortion on the female
side and nearly complete selection against the Va35 allele on the male side. Therefore, a
mechanism as simple as pollen tube competition, the first mechanism reported to explain
segregation distortion in maize (Mangelsdorf and Jones, 1926), could account for even
the most extreme case of segregation distortion present in this data. Consequently, no
markers on any chromosome were dropped from the data set after examining locus
genotype frequencies and linkage groups were calculated using 138 markers. Estimation
of recombination (genetic distance) within a linkage group is unaffected if segregation
distortion is due to only one locus within a segregation distortion region (Lu et al., 2002).
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Linkage group determination and linkage map estimation
Linkage groups were determined using the independence LOD score for
recombination frequency in JoinMap4. The independence LOD score is preferred to the
linkage LOD score because the latter is affected by segregation distortion (van Ooijen,
2006, p 18). Ten linkage groups corresponding to the 10 maize chromosomes were
identified at a LOD of 5.5. Eight of the 10 groups remained intact at the most stringent
LOD reported (LOD = 10.0). The linkage group corresponding to chromosome 3
branched into two groups at a LOD value of 6.0, and the linkage group corresponding to
chromosome 1 branched into two groups at a LOD of 7.5. No markers remained
ungrouped, and the largest “strongest cross link” (SCL) value was only 3.2. For each
marker, the SCL value reports the value of the grouping test statistic (independence LOD
score) between that marker and the marker outside of its group with which it has the
strongest linkage (van Ooijen, 2006, p 20). Markers PZA01271_1 (chromosome 1) and
phi075 (chromosome 6) had a SCL value of 3.2 while no other marker pairs’ SCL value
exceeded 3.0. LOD scores of 3.0 are considered a minimum value for inferring linkage
(Balding et al., 2007, p xlii). Recombination frequencies within linkage groups were
estimated by the maximum likelihood algorithm (Jansen et al., 2001) and converted to
centiMorgans (cM) by the Haldane mapping function (Haldane, 1919) in JoinMap4.
Figure 4.1 represents the final linkage map for all 10 chromosomes. Relative map
positions (marker order) were confirmed using MaizeGDB (Lawrence et al., 2008).

67

Figure 4.1
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Linkage map for chromosomes 1-10 in the Mp715 x Va35 population.

Statistical Analysis of Phenotypes
Mean non-transformed aflatoxin concentrations of the F2:3 genotypes were 10
times higher in the 2016 test (410.138 ± 32.78) than in the 2015 test (40.592 ± 4.230)
(Table 4.3). In both years, the natural log-transformation improved the normality of the
data as indicated by the decrease in the coefficient of variation, skewness and kurtosis
between traits within an environment (Table 4.3). Analysis of variance was conducted on
plot level data for all entries (F2:3 families, F1, Va35, and Mp715) at α=0.05 level of
significance in order to contrast the generation means within each environment (Table
4.4). Block (p < 0.0001 in 2015 and in 2016) and generation (p= 0.0106 in 2015; p =
0.0499 in 2016) were both significant in both years. Data was available for Mp715 in the
2015 environment but not the 2016, making comparisons of trends difficult. In all three
years, Va35 had the highest levels of aflatoxin, but not significantly more than the mean
of the F2:3 families in 2016 (Table 4.4). The F2:3 family mean was not significantly
different from the mean of the F1 in either year. A second ANOVA was conducted on the
plot level data of only the F2:3 families, with F2:3 family genotypes, environment,
environment x genotype interaction, and block(environment) all treated as random and
the natural log-transformed aflatoxin data the response variable. All factors were
significant at α=0.05: genotype and block(environment) (p<0.0001); environment
(p=0.0006); environment x genotype (p=0.0042).
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Table 4.3

Descriptive statistics including mean, standard error (SE), standard
deviation (SD), coefficient of variation (CV), skewness, and kurtosis for
the raw and natural log-transformed (ln[afl+1]) F2:3 family mean aflatoxin
levels in both environments of the Mp715 x Va35 population.

Environment
MS, 2015
MS, 2015
MS, 2016
MS, 2016

Table 4.4
Generation
Va35
F2:3
F1
Mp715

Trait
Aflatoxin
ln(Afl+1)
Aflatoxin
ln(Afl+1)

Mean
40.592
2.173
410.138
5.229

SE
4.230
0.079
32.78
0.072

SD
66.888
1.252
503.641
1.106

CV
164.781
57.604
122.798
21.141

Skewness
5.632
0.344
3.939
-0.603

Kurtosis
49.351
-0.526
22.739
1.308

Generation means of the natural-log transformed aflatoxin levels (plot level
data) for the Mp715 x Va35 population in two environments.
MS, 2015†
4.57 ± 0.06 a
2.17 ± 0.07 b
0.93 ± 0.62 bc
0.00
c

MS, 2016
7.36 ± 0.06 a
5.20 ± 0.06 ab
4.20 ± 0.47 b
NA

† Means in each column followed by the same letter are not significantly different at α=0.05.

Family mean heritability was estimated for the natural-log transformed aflatoxin
levels within each environment. Heritability estimates were 0.477 ± 0.057 in 2015, 0.593
± 0.052 in 2016, and 0.499 ± 0.068 over the two years. Different heritability estimates
have been presented in the literature: a range of 0.27-0.42 in four environments in Brooks
et al. (2005); 0.22 across two locations over two years in Warburton et al. (2009); 0.28
over four years in Warburton et al. (2011); 0.389 over three years in Willcox et al.
(2013); 0.293 over two years in Paul et al. (2003); 0.01-0.29 in different environments in
Busboom and White (2004); 0.63 and 0.65 in two different populations with one common
parent in Hamblin and White (2000). These estimates are highly variable and are specific
to the population studied (populations differ due to the parents used, the type of
population formed (e.g. BCx:y versus Fx:y), and the generation analyzed), the
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environments in which they were phenotyped, the experimental design, and the method
of analysis. For this reason a comparison of heritablities across these studies is dubious.
An interpretation of the heritabilities estimated here is available, however. The
heritability estimated here is calculated as the ratio of the family variance to the
phenotypic variance (Holland et al., 2003; p.31 equation 12). Heritabilities are usually
used to predict the response to selection, but this heritability is, strictly speaking, only
appropriate for predicting “immediate response to selection” (Cockerham and Matzinger,
1986; Holland et al., 2003, p 81-85). The immediate response to selection refers to the
response to selection when planting remnant seed of the selected lines, not to intermating
the selected lines or to selfing the lines to the next generation (Holland et al., 2003), but
those are the scenarios generally of interest to the plant breeder. For that reason, the
heritability presented here may be thought of more as a “repeatability” than a heritability.
It tells you how much of the observed variation is due to genetics and to what extent you
can expect that variation to be repeated when remnant seed of the same generation is
planted again. This “limited scope of inference” (Holland et al., 2003) does not allow for
prediction of response to selection in subsequent generations. However, this is the sense
of heritability estimable from the available data generated while phenotyping the F2:3
QTL mapping population.
Even if it cannot help predict gain from selection over generations, this sense of
heritability will be useful during multiple interval mapping (MIM) in the QTL analysis.
In that analysis a model is constructed that explains the phenotypic variance observed in
terms of QTL and their interactions. This heritability estimate can provide an upper limit
on the R2 of those models. This is done in order to avoid building a model where the
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QTL purport to explain more phenotypic variance than the heritability estimate says is
possible (Robertson-Hoyt et al., 2006). Such a model would be considered “overfit”
from a biological perspective even if the model selection criteria favor it statistically.
QTL Analysis
Composite interval mapping
When CIM analysis was performed on the non-transformed data, only one
significant QTL was identified, on chromosome 3 (30.91 cM), in only one test
environment (in 2015 but not in 2016) and none when phenotypes were averaged over
tests. The thresholds calculated from the non-transformed data (27.37 for 2015; 21.41 for
2016; 23.52 for the average over tests) were so high that it was extremely unlikely that
they would be exceeded by a test statistic. The empirically estimated LOD thresholds are
valid for any distribution of a quantitative trait (Churchill and Doerge, 1994). Thus, the
non- transformed data’s lack of normality did not invalidate the use of the empirically
estimated LOD threshold. The most extreme values were removed from the data set
(four families in the 2015 data, and 11 families from the 2016 data) and the LOD
thresholds re-estimated. The thresholds were lowered (11.30 for 2015; 8.46 for 2016),
but they were still much higher than the standard default threshold (LOD=2.5) and were
being calculated at the expense of the phenotypic tails, which, if accurately phenotyped,
are expected to be the most informative individuals in a mapping population (Willcox et
al., 2013). The use of transformed data has been shown to improve the power of QTL
detection over the use of non-transformed data (Yang et al., 2006). It was concluded that
the non-transformed data from this population did not support the discovery of significant
QTL. Further discussion, therefore, focuses on analysis of the transformed data. Using
72

the natural log-transformed data [ln(y+1)], significant QTL were identified on
chromosomes 1, 6, 7, and 10 in 2015, chromosomes 1, 2, 5, 7 and 10 in 2016, and
chromosomes 1, 6, 7, and 10 for the mean of those years (Table 4.5).
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Table 4.5
QTL†
2015
1
2
3
4
5
2016
1
2
3
4
5
Ave
1
2
3
4
5

Results of CIM analysis of the natural log-transformed values of aflatoxin
levels in grain of the Mp715 x Va35 F2:3 population.
Bin

LOD‡

R2 §

Additive¶

Dominant#

1
6
7
10
10

Peak
cM
15.1
67.2
50.7
34.0
49.1

1.01
6.06
7.02-7.03
10.04
10.05

4.47
11.57
5.36
4.66
4.93

0.0922
0.2154
0.0245
0.0612
0.0613

0.4366
-0.7572
-0.4761
-0.4435
-0.4707

-0.2346
0.1458
-0.4209
0.0127
-0.0097

1
2
5
7
10

59.7
12.0
12.9
41.2
34.0

1.03
2.02
5.01
7.02-7.03
10.04

7.50
3.99
4.36
3.70
3.72

0.0989
0.0763
0.0909
0.0676
0.0473

0.5783
0.4115
-0.4000
-0.3114
-0.3638

0.1056
-0.1237
0.1731
0.1920
-0.0179

1
6
6
7
10

15.1
61.8
68.2
48.2
50.11

1.01
6.06
6.06
7.03-7.03
10.05

4.16
6.23
6.25
6.49
6.29

0.0721
0.0915
0.1044
0.0788
0.1110

0.3640
-0.4588
-0.4656
-0.4712
-0.4723

-0.0591
-0.0437
0.0219
-0.1124
0.0783

Chr.

† Significant QTL are reported for transformed data [ln(y+1)] from the 2015 and 2016 tests and for the
average of the transformed data over those tests.
‡ Empirically estimated LOD thresholds (genome-wide α=0.05) were 3.61 for 2015 phenotypes, 3.52 for
2016 phenotypes, and 3.45 for phenotypes averaged over years.
§ Partial R2 due to the additive and dominance parameters.
¶ Negative additive QTL effects indicate Mp715 is the source of the beneficial (aflatoxin- reducing) allele,
and positive effects indicate the resistance allele is contributed by Va35.
# A negative dominance effect indicates that dominance is in the direction of the aflatoxin- reducing allele,
no matter which parent is the source of the favorable allele, and positive dominance effects indicate that
dominance is in the direction of the aflatoxin-increasing allele.

Both Mp715 and Va35 contributed favorable (aflatoxin-reducing) alleles, as
indicated by the sign of the additive effects in Table 4.5. Positive additive effects
indicate that Va35 is the source of the resistance allele (the aflatoxin-reducing allele)
while negative additive effects indicate that the resistance allele was contributed by
Mp715. Mp715 contributed four of the five resistance alleles in 2015, three of the five
resistance alleles in 2016, and four of the five resistance alleles for the mean across years.
In Table 4.3, the sign of the dominance effect indicates whether dominance acts in the
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direction of the aflatoxin-increasing (positive dominance effect) or toward the aflatoxindecreasing allele (negative dominance effect), regardless of which parent is the source of
that allele. Across QTL, dominance effects acted in the both directions: toward the
resistance allele (the aflatoxin-reducing allele) and toward the susceptibility allele (the
aflatoxin-increasing allele). All QTL showed partial dominance, meaning that the
magnitude of the additive effect was greater than the magnitude of the dominance effect
(Table 4.5). The R2 values reported in Table 4.5 are partial R2 reporting only the amount
of variation explained by the additive and dominance effect parameters (Silva et al.,
2012). These value range from 0.061 to 0.215, meaning that genotypic variation at the
individual QTL explained between 6% and 21% of the observed phenotypic variation
within an environment.
Statistical estimates of QTL are expected to vary with each repetition of an
experiment. If we think of a “genuine” QTL, as opposed to the statistical estimate of a
putative QTL, we see that the size of a genuine QTL’s effect will vary from experiment
to experiment due to true QTL x environment interaction, independently of experimental
error or sampling (Jansen, 2007). On the other hand, the genomic location of that
genuine QTL is fixed, although our estimate of its location varies. So, the size of the
effect of a true QTL varies due to QTL x environment interactions independently of
sampling, but the location of that true QTL is fixed while our estimates of it vary due to
sampling and experimental error. From these considerations, Jansen (2007, pg. 609)
argues that standard errors on the size of the effect are of questionable value while
confidence intervals on the location are informative. There is no general formula for
confidence intervals on QTL locations due to the multiple marker intervals that they span
75

(Jansen, 2007). Consequently, LOD-based “support intervals” are often reported. For
instance, a 1-LOD support interval is the region that includes the QTL peak and all test
positions to the left and right of the peak with test statistics within 1-LOD of the value of
the peak’s test statistic (Jansen, 2007). Support intervals of 1-LOD or 2-LOD are
generally reported (Jansen, 2007; Silva et al., 2012) and both are included in Table 4.6.
These support intervals are helpful when we turn our attention to the stability of
the QTL across tests repeated over years and/or locations, i.e. environments.
Overlapping support intervals, as opposed to identical peak positions, are interpreted as
indicating a single QTL detected in multiple environments. Two of the five QTL
identified in 2015 were also significant in 2016. The QTL on chromosome 7 (denoted #3
in 2015 and #4 in 2016) differed in the position of their peaks (50.7 cM in 2015 and 41.2
cM in 2016) but had overlapping support intervals (Table 4.6). One of the QTL
identified on chromosome 10 in 2015 (QTL #4 in 2015) was also significant in 2016
(QTL #5 in 2016). The peak position of this QTL was identical across years (34.0 cM)
and the support interval was narrow in both years and overlapping across years (Table
4.6).
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umc1292 (13.6)
PZA01672_1 (65.2)
PZA02722_1 (57.0)
S10_91956547 (34.0)
umc1506 (49.1)

cM
15.1
67.2
50.7
34.0
49.1

59.7
12.0
12.9
41.2
34.0

15.1
61.8
68.2
48.2
50.1

1
6
7
10
10

1
2
5
7
10

1
6
6
7
10

umc1292 (13.6)
PZA01672_1 (65.2)
PZA01672_1 (65.2)
bnlg657 (41.2)
umc1506 (49.1)

PZA02292_1 (64.2)
PHM6552_113 (12.0)
PZA02462_1 (21.2)
bnlg657 (41.2)
S10_91956547 (34.0)

Nearest marker (cM)

Peak

Chr.

2- LOD
support
interval‡
cM - cM
2.7 - 25.2
57.1 - 74.3
41.2 - 72.7
32.6 - 36.9
36.9 - 58.9

7.3 - 24.7
54.1 - 65.2
65.2 - 75.0
40.4 - 56.8
44.9 - 59.5

1.5 - 25.1
50.8 - 65.2
65.2 - 77.2
37.8 - 66.4
39.4 - 64.1

50.0 - 64.2 45.7 - 64.2
4.8 - 20.9 9.6 - 28.3
1.8 - 21.0 0.0 - 21.1
35.7 - 50.0 23.1 - 55.2
31.4 - 36.3 19.1 - 36.9

1-LOD
support
interval‡
cM – Cm
6.8 - 24.8
59.8 - 72.2
42.6 - 64.7
32.6 - 35.9
38.8 - 55.0

PZA01271 (0.0) - PZA00731_7 (25.4)
Zm.3467_ss230081814 (50.8) - PZA01672_1 (65.2)
PZA01672_1 (65.2) - umc1520 (77.2)
PZA01933_3 (35.2) - PZA02722_1 (57.0)
PZA01241_2 (43.5) - PZA01995_2 (66.2)

PHM1653_31 (36.2) - PZA02292_1 (64.2)
S2_1335000 (1.6) - PZA02272_3 (29.1)
PZA01438_1 (0.0) - PZA02462_1 (21)
PZA01933_3 (35.2) - PZA02722_1 (57.0)
PHM2770_19 (30.6) - S10_125923329 (36.9)

PZA01271 (0.0) - PZA00731_7 (25.4)
Zm.3467_ss230081814 (50.8) - umc1520 (77.2)
Bnlg657 (41.2) - umc1125 (91.7)
PHM2770_19 (30.6) - S10_125923329 (36.9)
PZA01005_1 (38.6) - PZA01995_2 (66.2)

Flanking markers (cM)§

Marker information for significant QTL identified in CIM in the Mp715 x Va35 population.

† Significant QTL from CIM on transformed data [ln(y+1)] from the 2015 and 2016 tests and for the average over those tests.
‡ Support intervals are analogous to confidence intervals. A 1-LOD support interval includes the cM position of the LOD peak and all positions to the right
and left with LOD scores within 1 LOD of the peak. A 2-LOD support interval is a more conservative estimate of the QTL position.
§ Flanking markers are chosen according to the 1-LOD support interval.

2015
1
2
3
4
5
2016
1
2
3
4
5
Ave
1
2
3
4
5

QTL†

Table 4.6

77

In 2015 three QTL were detected that were not significant in 2016. A positive
additive effect QTL was identified on chromosome 1 in both years (denoted QTL #1 in
both years) but the location on the chromosome was different between years (i.e., the
support intervals did not overlap). Significant QTL were also identified on chromosome
6 (denoted #2, 67.2 cM) and 10 (denoted #5, 49.1 cM) in 2015 that were not significant
in 2016. In 2016 a positive additive effect QTL was significant on chromosome 2
(denoted #2, 12.0 cM) that was not significant in 2015, and a negative additive effect
QTL was identified on chromosome 5 (denoted #3, 12.9 cM) that was not significant in
2015 (Table 4.5 and 4.6).
Multiple interval mapping analysis
The results of CIM analysis were used to initiate MIM analysis. Multiple interval
mapping treats all other putative QTLs as model covariates when estimating the position
and effect of each putative QTL (Silva et al., 2012). This approach allows for more
power during QTL detection and more precise parameter estimates than CIM, which uses
markers linked to putative QTL as covariates as opposed to the putative QTL themselves
(Silva et al., 2012). Also, fitting each QTL effect simultaneously allows for estimates of
epistatic interactions between those QTL (Silva et al., 2012). Multiple interval mapping
also differs from CIM due to the former’s focus on model selection procedures (Zeng et
al., 1999). The final MIM model serves as a description of the genetic architecture of the
quantitative trait: the number, genomic locations, main and epistatic effects of the QTL
(Zeng et al., 1999). The R2 value of that model represents the proportion of phenotypic
variation explained by the main effects of the QTL and their epistatic interactions.
Which main effects and interactions to include in that model is a matter of interactive
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model selection. The extent to which the model terms represent all of the true QTL and
their interactions, is the extent to which the genetic components of the phenotypic
variation have been accurately modeled with the final model serving as the statistical
description of the trait’s genetic architecture. Multiple interval mapping models were
constructed for the natural log-transformed aflatoxin data from the 2015 and 2016 field
trials (Tables 4.7 and 4.8) and the average over those two tests (Table 4.9).
For the 2015 data, the MIM analysis identified 6 main effect QTL (Table 4.7) as
opposed to the five identified in the CIM analysis (Table 4.5). Four of the six QTL
identified in MIM (on chromosomes 1, 6, 7, and 10) correspond to four of the five
identified in CIM, according to comparison of their 1-LOD support intervals (Tables 4.6
and 4.7). Two QTL identified in MIM (on chromosomes 3 and 4) were not significant in
CIM. The CIM results included two significant QTL on chromosome 10 whose 1-LOD
support intervals were separated by less than 3 cM and whose 2-LOD support intervals
were continuous (Table 4.6). Only one of these two QTL was retained in the MIM
analysis. One epistatic interaction was included in the MIM model between the QTL on
chromosome 1 and a previously unidentified QTL on chromosome 3 (Table 4.7). As
indicated by the sign of the additive effects, the QTL on chromosome 1 was the only
QTL where the aflatoxin-reducing allele was contributed by Va35 (Table 4.7). This was
also the case in the CIM analysis. Dominance effects were in the direction of the
aflatoxin-reducing allele for all QTL except on chromosome 4. Using the final MIM
model (Table 4.7), the phenotypic variance for the 2015 data was 1.561 and the genetic
variance was 0.7952, resulting in an R2 value of 0.5095. This means that treating the
phenotypic variance as a function of the genetic parameters included in the MIM model
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accounts for 50.95% of the total observed variation, slightly more than the 47.7% in the
family mean heritability estimate.

80

x

x

x

x

x

x

2

1

2

3

4

5

6

1

1x3

10

7

6

4

3

1

Chromosome

49.1

51.2

66.2

102.2

40.9

Peak
Position
cM
16.6

10.05

7.03

6.06

4.07

3.04

1.01

Bin
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
DxD

Gene
Action
0.3642
-0.2418
-0.7159
-0.5924
-0.3209
-0.2090
-0.7347
0.1964
-0.5161
-0.3727
-0.4718
-0.0221
-0.7071

Effect‡

5.99

7.50

14.71

2.92

5.88

5.67

LOD

44.1 - 58.6

43.6 - 63.7

61.6 - 71.1

89.5 - 120.4

35.9 - 45.2

1-LOD Support
Interval§
cM – Cm
7.4 - 23.7

46.3 - 62.5

40.3 - 72.3

59.0 - 73.1

89.5 - 129

31.6 - 49.1

2-LOD Support
Interval§
cM - cM
3.1 - 30.5

† QTL 2 refers to the second QTL in an epistatic interaction. Rows with an “x” in this column are QTL main effect terms.
‡ Negative additive QTL effects indicate Mp715 is the source of the beneficial (aflatoxin- reducing) allele, and positive effects indicate the resistance allele is
contributed by Va35. A negative dominance effect indicates that dominance is in the direction of the aflatoxin- reducing allele, no matter which parent is the
source of the favorable allele, and positive dominance effects indicate that dominance is in the direction of the aflatoxin-increasing allele.
§ Support intervals are analogous to confidence intervals. A 1-LOD support interval includes the cM position of the LOD peak and all positions to the right
and left with LOD scores within 1 LOD of the peak. A 2-LOD support interval is a more conservative estimate of the QTL position.

QTL
2†

Results of MIM analysis of the natural log-transformed values of aflatoxin levels in grain of the Mp715 x Va35 F2:3
population in 2015.

QTL 1

Table 4.7
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The MIM model built on the 2015 data includes a QTL on chromosome 4 with a
LOD-score of 2.92 (Table 4.7). This QTL was not significant in the CIM analysis where
the permutation-based LOD threshold was 3.61 (Table 4.5). During the CIM analysis, a
QTL was identified as being significant only if its LOD-score (the test position’s test
statistic) exceeded the permutation-based threshold (the critical value). This method is
suitable for CIM analysis, which fits the effects of QTL one at a time. However, the
permutation-based threshold is not appropriate for MIM analysis due to the multiple QTL
that are being fit simultaneously (Silva et al., 2012, p. 97). Instead, QTL main effects and
interactions enter and leave the model based on the effect they have on the BIC for model
selection and not according to their LOD score (Silva et al., 2012, p. 98). Terms are
included if they lower the BIC of the model. The BIC is a function of the total number of
parameters in the model and the model’s likelihood (Silva et al., 2012, p. 118). For a
term to be added to a model it must lower the model’s BIC by increasing the model’s
likelihood by more than the penalty of adding an additional term to the model. Model
terms are selected that minimize the BIC, but it is critical to keep in mind that this is a
local minimum and not a global minimum. Zeng et al. (1999, p. 283) explains that:
“[t]he multi-dimensional likelihood landscape could have numerous peaks
separated by valleys and connected by ridges. A model selected from this
landscape may well be just a local peak, and there is no guarantee that a global
peak can be found.”
With this in mind we see that the “final” MIM model depends on the initial terms of the
model (our starting point on the multi-peaked “likelihood landscape”). The model
refinement steps minimize the BIC relative to this starting point. For this reason,
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multiple “final” MIM models are possible depending on the steps taken during the
interactive model refinement and selection process. In this way, MIM analysis becomes
a model selection challenge.
For the 2016 field data, MIM analysis identified 6 main effect QTL (Table 4.8) as
opposed to five in CIM (Table 4.5). Five of the six MIM QTL are the same as all five
identified in CIM according to their overlapping 1-LOD support intervals (Table 4.6 and
4.8). As indicated by the sign of the additive effect, Va35 contributed the favorable
(aflatoxin-reducing) allele of the QTL on chromosomes 1 and 2 while the beneficial
allele of the other four QTL was contributed by Mp715. Dominance effects acted in the
direction of both the aflatoxin-reducing and increasing alleles regardless of which parent
contributed the beneficial allele. The QTL on chromosome 10 was involved in two
epistatic interactions with QTL on chromosomes 1 and 6. The QTL on chromosome 6
was not significant in the CIM analysis (Table 4.5). The phenotypic variance was 1.217
and the genetic variance, given the terms in the final model, was 0.5678. The R2 of the
model was 0.4666, below the family mean heritability estimate of 0.593.
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x

x

x

x

x

x

6
6

1

2

3

4

5

6

1
4

1x10
6x10

10

7

6

5

2

1

Chromosome

35.0

41.2

50.8

16.4

10.6

Peak
Position
cM
59.2

10.04

7.02

6.05

5.01

2.02

1.03

Bin
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
DxA
DxD

Gene
Action
0.5187
0.1324
0.3866
-0.0933
-0.3301
0.1995
-0.2453
-0.1776
-0.3198
0.2048
-0.4392
-0.0307
0.5450
-0.6758

Effect‡

7.42

4.38

4.46

3.60

3.97

9.32

LOD

25.2 - 35.8

36.6 - 49.6

49.1 - 57.9

3.3 - 26.5

5.4 - 22.9

1-LOD Support
Interval§
cM – cM
47.8 - 64.2

19.4 - 36.8

27.7 - 54.6

49.1 - 61.8

0.0 - 35.4

0.8 - 28.6

2-LOD Support
Interval§
cM - cM
43.0 - 64.2

† QTL 2 refers to the second QTL in an epistatic interaction. Rows with an “x” in this column are QTL main effect terms.
‡ Negative additive QTL effects indicate Mp715 is the source of the beneficial (aflatoxin- reducing) allele, and positive effects indicate the resistance allele is
contributed by Va35. A negative dominance effect indicates that dominance is in the direction of the aflatoxin- reducing allele, no matter which parent is the
source of the favorable allele, and positive dominance effects indicate that dominance is in the direction of the aflatoxin-increasing allele.
§ Support intervals are analogous to confidence intervals. A 1-LOD support interval includes the cM position of the LOD peak and all positions to the right
and left with LOD scores within 1 LOD of the peak. A 2-LOD support interval is a more conservative estimate of the QTL position.

QTL
2†

Results of MIM analysis of the natural log-transformed values of aflatoxin levels in grain of the Mp715 x Va35 F2:3
population in 2016.

QTL 1

Table 4.8
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Comparing the MIM models between years, we see that they each attribute a
similar amount of phenotypic variation to genetic causes: the genetic R2 was 0.5095 using
2015 phenotypes and 0.4666 using 2016 phenotypes. Both models included a favorable
allele contributed by Va35 on chromosome 1 (Table 4.7 and 4.8), but those QTL did not
occupy the same position on the chromosome and so were not confirmed to be a single
stable QTL. The MIM analysis based on 2015 phenotypes included in its final model
QTL on chromosome 2 and 5 that were not identified in 2016, and the MIM model based
on 2016 phenotypes included QTL on chromosome 3 and 4 not included in the 2015
model. In both years, chromosome 6, 7, and 10 were identified as carrying QTL with the
favorable allele contributed by Mp715, but the QTL on chromosome 7 was the only one
where the 1-LOD support intervals overlapped across years. The QTL on chromosome 6
could be said to occupy the same location across years if we were to use the wider (more
conservative) 2-LOD support intervals, but even using the wider support intervals the
QTL on chromosome 10 was not confirmed as a single QTL stable across years.
Therefore, although both models identify six QTL and four of them are on the same four
chromosomes, only one on chromosome 7, based on 1-LOD support intervals, or two on
chromosomes 6 and 7, based on 2-LOD support intervals, can confidently be described as
QTL that are stable across years. Finally, MIM analysis was also conducted on the
phenotypes averaged over the two years (Table 4.9). This analysis identified four QTL
on chromosomes 1, 6, 7, and 10, the four chromosomes that contained QTL in both 2015
and 2016. The two stable QTL (on chromosomes 6 and 7) were detected in the analysis
averaged over years, i.e. the support intervals overlapped. The support intervals of the
other QTL, on chromosomes 1and 10, overlapped with those from 2015 but not 2016.
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x

x

x

x

4

1

2

3

4

1

10

7

6

1

Chromosome

48.5

50.2

68.2

Peak
Position
cM
13.6

10.05

7.03

6.06

1.01

Bin
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
AxA

Gene
Action
0.2713
-0.0497
-0.4637
-0.0011
-0.4350
-0.1333
-0.5287
0.0620
-0.3506

Effect‡

3.56

5.63

6.82

4.67

LOD

45.0 - 56.1

41.2 - 59.4

55.1 - 74.3

1-LOD Support
Interval§
cM - cM
6.1 - 20.7

43.8 - 59.5

37.4 - 67.2

51.7 - 77.0

2-LOD Support
Interval§
cM - cM
0.0 - 25.3

† QTL 2 refers to the second QTL in an epistatic interaction. Rows with an “x” in this column are QTL main effect terms.
‡ Negative additive QTL effects indicate Mp715 is the source of the beneficial (aflatoxin- reducing) allele, and positive effects indicate the resistance allele is
contributed by Va35. A negative dominance effect indicates that dominance is in the direction of the aflatoxin- reducing allele, no matter which parent is the
source of the favorable allele, and positive dominance effects indicate that dominance is in the direction of the aflatoxin-increasing allele.
§ Support intervals are analogous to confidence intervals. A 1-LOD support interval includes the cM position of the LOD peak and all positions to the right
and left with LOD scores within 1 LOD of the peak. A 2-LOD support interval is a more conservative estimate of the QTL position.

QTL
2†

Results of MIM analysis of the natural log-transformed values of aflatoxin levels in grain of the Mp715 x Va35 F2:3
population averaged over the 2015 and 2016 tests.

QTL 1

Table 4.9
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Application in marker-assisted selection
Identifying the QTL responsible for the phenotypic variation present in a
population of segregating progeny should allow us to identify markers that we can use to
select the beneficial alleles present in the parents of that population. To be useful in
breeding, a QTL must be stable across environments. In both years, both methods of
analysis (CIM and MIM) identified a QTL on chromosome 1 with the beneficial allele
contributed by Va35. The QTL did not occupy the same location in both years and
different markers would need to be used to select for the QTL, but validation studies
using NILs could potentially determine which if either of these QTL is stable enough to
be used in breeding.
The QTL on chromosomes 7 and 10 were contributed by Mp715 and were stable
across years in CIM, and were also identified in MIM. These QTL only accounted for 27% of the total variation, but their stability could recommend them for field validation
experiments. The QTL identified in 2015 on chromosome 6 had the largest effect of any
QTL, but was not stable across years. However, its large effect could justify the creation
of NILs for testing and validation. The markers that flank these QTL can be found in
Table 4.6.
Validation studies are necessary before applied breeding can be based on these
markers. Mp715 and Va35 were previously used in a breeding cross that resulted in the
release of Mp718 and Mp719 (Williams and Windham, 2012). Genotyping these derived
lines could also serve to provide validation of the QTL identified here as well as lend
support to decisions about which QTL are worth investing the time necessary to create
NILs for validation. The presence in both parents (Mp715 and Va35) of beneficial alleles
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for resistance to aflatoxin accumulation raises the possibility of transgressive segregants.
Genotyping Mp718 and Mp719 for the regions that contain the QTL should allow us to
determine if any of these QTL were selected during phenotypic selection. Near isogenic
lines will need to be developed for the most promising QTL.
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CHAPTER V
RESULTS AND DISCUSSION: MP717 X Va35
Linkage Mapping
Summary statistics
The preliminary genotypic data for the Mp717 x Va35 population consisted of
135 markers scored on 327 F2:3 families. Before linkage groups were determined,
summary statistics of the genotypic data (similarity of family genotypes, similarity of
loci, and locus genotype frequencies) were calculated in JoinMap4. Two families,
denoted 246 and 247, had a similarity of 0.956 across loci. The improbably high
genotypic similarity between these two families was interpreted as indicating a
genotyping error and both families were dropped from further analysis for reasons
indicated in the previous chapter. Three markers, S5_19903041, GRMZM2G015419_4,
and Zm.12507_ss230263686 were highly similar across families to another loci
(PZE05198883770 (1.000), PZE04239238278 (0.988), Zm.12507_ss230263683 (0.963),
respectively) and each pair occupied a single map position in preliminary mapping. This
was expected since each pair was physically very closely linked. Consequently, one
marker from each pair (S5_19903041, GRMZM2G015419_1, and
Zm.12507_ss230263686) was dropped from further analysis due to its redundancy with
the retained marker. Further analysis proceeded using 132 markers scored on 325 F2:3
families.
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To test for segregation distortion, the observed genotypic frequencies within each
locus were compared to the expected frequency in an F2 population in a chi-square
goodness-of-fit test. Only four of the 132 markers (~3%) showed significant segregation
distortion (α=0.05) (Table 5.1). Of these only one, Zm_32462_449, was significant at
thresholds more stringent than α=0.05. This marker was dropped from further analysis
since no linked marker showed distorted ratios, as would be expected for a locus showing
such strong segregation distortion (Lu et al., 2012). Determination of linkage groups and
estimation of linkage maps within groups proceeded using 131 loci scored on 325
families (down from the 135 markers and 327 families in the original dataset).
Table 5.1

Markers showing significant segregation distortion (α=0.05) in the Mp717
x Va35 population on chromosomes 1-10.

Locus

Bin

PZA02487_1
Zm_32462_449
PZB00112_4
S9_107333254

1.02
3.06
5.03
9.04

A
60
56
69
62

Marker Genotypes†
H
B
174
83
124
143
175
62
177
85

10
4
21
1

χ2
*6.03
****61.62
*6.38
*6.03

* significant at α=0.05.
**** significant at α=0.0001.
† Genotypic classes: A = homozygous for Mp715 allele, H = heterozygous, B = homozygous for Va35
allele, - is missing data.

Linkage group determination and linkage map estimation
Linkage groups were determined using the independence LOD score for
recombination frequency in JoinMap4. Ten linkage groups corresponding to the ten
maize chromosomes were identified at a LOD of 9.0. The linkage group corresponding
to chromosome 1 branched into two groups at a LOD value of 9.5, while the other nine
groups remained intact at the most stringent LOD reported (LOD = 10.0). No markers
remained ungrouped, and the largest “strongest cross link” (SCL) value was only 3.1.
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For each marker, the SCL value reports the value of the grouping test statistic
(independence LOD score) between that marker and the marker outside of its group with
which it has the strongest linkage (van Ooijen, 2006, p 20). Markers PZA03624_2
(chromosome 7) and PZA02673_1 (chromosome 6) had a SCL value of 3.1 while no
other marker pairs’ SCL value exceeded 3.0. A LOD score of 3.0 is considered a
minimum value for inferring weak linkage (Balding et al., 2007, p xlii). Linkage maps
within linkage groups were estimated by the maximum likelihood algorithm (Jansen et
al., 2001) and the Haldane mapping function (Haldane, 1919) in JoinMap4. Figure 5.1
represents the final linkage map for all 10 chromosomes. Relative map positions (marker
order) were confirmed using MaizeGDB (Lawrence et al., 2008).
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Figure 5.1
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Linkage map for chromosomes 1-10 in the Mp717 x Va35 population.

Statistical Analysis of Phenotypes
The mean non-transformed aflatoxin concentrations were twice as high in the
Mississippi 2016 (MS) environment (688.943 ± 67.249) than in the Texas 2016 (TX)
environment (330.511 ± 13.511) (Table 5.2). In both locations, the natural logtransformation improved the normality of the data as indicated by the decrease in the
coefficient of variation, the skewness, and the kurtosis (Table 5.2). Analysis of variance
was conducted on plot level data for all entries (F2:3 families, F1, Va35, and Mp717)
separately within each environment. In the MS environment, neither block (p=0.9055)
nor generation (p=0.8087) were significant. In the TX environment, block was not
significant (p=0.6714) but generations were (0.0483) and the mean separations were
obtained for the generation means (Table 5.3). In both environments Va35, the
susceptible parent, had the highest aflatoxin level, even though it was only significantly
higher in TX. Likewise, Mp717 had the lowest aflatoxin level in both environments,
even though it was only significantly lower than Va35 in TX. A second ANOVA was
conducted on the plot level data of only the F2:3 families, with F2:3 family genotypes,
environment, environment x genotype interaction, and block(environment) all treated as
random effects and the natural log-transformed aflatoxin data the response variable. All
factors except block nested in environment (p=0.8431) were significant at α=0.05:
genotype, environment and genotype x environment (p<0.0001). Family mean
heritability estimates were 0.627 ± 0.037 in MS, 0.595 ± 0.040 in TX, and 0.396 ± 0.068
across the two locations.
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Table 5.2

Descriptive statistics including mean, standard error (SE) of the mean,
standard deviation (SD), coefficient of variation (CV), skewness, and
kurtosis for the raw and natural log-transformed (ln[afl+1]) F2:3 family
mean aflatoxin levels in both environments of the Mp717 x Va35
population.

Environment
MS, 2016
MS, 2016
TX, 2016
TX, 2016

Table 5.3
Generation
Va35
F2:3
F1
Mp717

Trait
Aflatoxin
ln(Afl+1)
Aflatoxin
ln(Afl+1)

Mean
688.94
5.67
330.51
5.39

SE
67.25
0.06
13.51
0.04

SD
1210.49
1.06
241.69
0.79

CV
175.70
18.75
73.13
14.73

Skewness
6.281
-0.212
2.77
-0.69

Kurtosis
53.18
1.41
14.38
1.59

Generation means of the natural-log transformed plot level aflatoxin for the
Mp717 x Va35 population in two environments.
MS, 2016†
6.83 ± 0.23 a
5.67 ± 0.05 a
5.54 ± 0.23 a
5.20 ± 0.25 a

TX, 2016
7.08 ± 0.25 a
5.39 ± 0.03 b
5.60 ± 0.34 ab
5.17 ± 0.22 b

† Means in each column followed by the same layer are not significantly different at α=0.05.

QTL Analysis
Unlike the Mp715 x Va35 population, there were significant QTL detected by
CIM in both tests, in Mississippi (MS) and Texas (TX) in 2016, in the Mp717 x Va35
population using non-transformed data (Table 5.4). The LOD thresholds calculated for
the non-transformed data were comparable to the transformed data (Table 5.4 and 5.5).
Only one significant QTL was detected in the MS test (on chromosome 4) and three in
the TX test (on chromosomes 1, 7, and 10). In contrast, five significant QTL were
detected in the MS test when CIM analysis was performed on the natural log-transformed
data. The lower number of significant QTL detected when using the non-transformed
data was interpreted as resulting from the decreased power in QTL studies that use non-
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transformed data (Yang et al., 2006) and further discussion focuses on the analysis of the
natural log-transformed data.
Table 5.4
QTL†
MS
1
TX
1
2
3
Ave
1
2
5

Results of CIM analysis of the non-transformed aflatoxin levels in grain of
the Mp717 x Va35 F2:3 population
Bin

LOD‡

R2 §

Additive¶

Dominant#

4

Peak
Cm
124.4

4.08

3.76

0.0205

-356.1870

-200.3310

1
7
10

43.3
54.1
73.5

1.05
7.02
10.06

9.55
8.76
4.22

0.1749
0.1582
0.0345

112.7842
117.0381
-90.2389

-59.3036
-40.5998
-53.8258

1
3
7

60.3
81.0
123.9

1.06
3.06
7.05

3.47
3.52
3.71

0.0408
0.1093
0.0259

184.7122
245.7836
-187.086

17.8161
-134.5440
-78.6924

Chr.

† Significant QTL are reported from the MS 2016 and TX 2016 tests and for their average.
‡ Empirically estimated LOD thresholds (genome-wide α=0.05) were 3.15 for MS 2016 phenotypes, 3.41
for TX 2016 phenotypes, and 3.36 for phenotypes averaged over locations.

§ Partial R2 due to the additive and dominance parameters.

¶ Negative additive QTL effects indicate Mp717 is the source of the beneficial (aflatoxin reducing) allele,
and positive effects indicate the resistance allele is contributed by Va35.
# A negative dominance effect indicates that dominance is in the direction of the aflatoxin reducing allele,
and positive dominance effects indicate that dominance is in the direction of the aflatoxin increasing allele,
no matter which parent is the source of the favorable allele.
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Table 5.5
QTL†
MS
1
2
3
4
5
TX
1
2
3
Ave
1
2
3
4
5

Results of CIM analysis of the natural log-transformed values of aflatoxin
levels in grain of the Mp717 x Va35 F2:3 population.
Bin

LOD‡

R2 §

Additive¶

Dominant#

1
1
3
7
7

Peak
Cm
62.8
74.5
110.9
20.1
81.4

1.06
1.07
3.07-3.08
7.01
7.02-7.03

10.08
10.26
3.83
4.31
4.93

0.1026
0.1485
0.0361
0.0081
0.0429

0.5212
0.6182
-0.3154
0.2853
-0.3755

0.0915
0.0857
-0.0390
0.2675
-0.0696

1
7
10

62.8
72.4
71.5

1.06-1.07
7.02-7.03
10.05

10.85
4.09
4.48

0.0928
0.0939
0.0962

0.4066
-0.2462
-0.3233

0.1301
0.2598
0.1044

1
3
6
7
7

62.8
121.9
34.6
20.1
70.9

1.06-1.07
3.08
6.04
7.01
7.02-7.03

16.30
5.44
3.24
2.97
5.51

0.1464
0.0923
0.0459
0.0024
0.1305

0.4545
-0.2996
0.1131
0.1476
-0.3363

0.1118
0.0709
-0.2603
0.1729
0.1524

Chr.

† Significant QTL are reported for transformed data [ln(y+1)] from the MS 2016 and TX 2016 tests and for
the average of the transformed data over those tests.
‡ Empirically estimated LOD thresholds (genome-wide α=0.05) were 3.42 for MS 2016 phenotypes, 3.45
for TX 2016 phenotypes, and 2.50 for phenotypes averaged over locations.
§ Partial R2 due to the additive and dominance parameters.
¶ Negative additive QTL effects indicate Mp717 is the source of the beneficial (aflatoxin reducing) allele,
and positive effects indicate the resistance allele is contributed by Va35.
# A negative dominance effect indicates that dominance is in the direction of the aflatoxin reducing allele,
and positive dominance effects indicate that dominance is in the direction of the aflatoxin increasing allele,
no matter which parent is the source of the favorable allele.

The CIM analysis of the natural log-transformed data identified five significant
QTL in the MS test and three in the TX test (Table 5.5). Favorable (aflatoxin-reducing)
alleles were contributed by both parents, as indicated by the sign of the additive effect in
Table 5.5. In both locations favorable alleles contributed by Va35 were located on
chromosome 1: two in the MS test (62.8 cM and 74.5 cM) and one in the TX test (62.81
cM). A significant QTL with the favorable allele being contributed by Va35 was also
detected on chromosome 7 (20.11 cM) in the MS test (Table 5.5). Significant QTL with
the favorable allele contributed by Mp717 were identified on chromosomes 3 (110.9 cM)
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and 7 (81.4 cM) in the MS test and on chromosomes 7 (72.41 cM) and 10 (71.51 cM) in
the TX test. In the MS test dominance effects were always in the direction of the Mp717
genotype regardless of whether that was toward the aflatoxin-reducing or increasing
allele (Table 5.5). In the TX test dominance always favored the aflatoxin-increasing
allele regardless of which parent contributed it to the cross (Table 5.5). One QTL
(denoted #4) in MS showed almost complete dominance and one in TX (denoted #2)
showed over-dominance (Table 5.5). While this QTL (TX #2), strictly speaking,
exhibited “over-dominance,” the rarity of true over-dominance in maize (Garcia et al.,
2008) and the variability in the estimate of effect sizes described earlier (Jansen, 2007)
should make us cautious in describing this as the true gene action of this locus. The
partial R2 values of the QTL ranged from 0.1485 to 0.0024 (Table 5.5), meaning that the
genotypic variation at the individual QTL explained between 15% and <1% of the
phenotypic variation for the trait.
Looking at the support intervals for the Mp717 x Va35 population (Table 5.6), we
see that two of the three significant QTL identified in the TX study were also significant
in the MS study. A QTL on chromosome 1 has the same peak position (62.8 cM) in both
MS and TX (Table 5.6). The support interval is larger in the TX study (58.8-78.9cM)
than in the MS study (#1, 59.3-65.0cM), but it overlaps with the second significant QTL
detected on chromosome 1 in the MS study (#2, peak position 74.5cM, support interval
65.0-85.2cM) (Table 5.6).
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cM
62.8
74.5
110.9

MS
1
2
3

62.8
72.4
71.5

62.8
121.9

1
7
10

1
3

6
7
7

3
4
5

PZA00619_3 (65.0)
PZE03200206675
(110.9)
PZA01029_1 (30.1)
PHM4135_15 (20.1)
PZA03727_1 (81.4)

PZA00619_3 (65.0)
PZA03727_1 (81.4)
PZA00130_9 (86.0)

PZA00619_3 (65.0)
PZA00619_3 (65.0)
PZE03200206675
(110.9)
PHM4135_15 (20.1)
PZA03727_1 (81.4)

Nearest marker (cM)

59.6 - 65.0
112.5 134.8
26.3 - 41.1
13.0 - 27.9
58.0 - 98.3

58.8 - 78.9
56.9 - 104.4
57.0 - 96.1

1-LOD
support
interval‡
cM – cM
59.3 - 65.0
65.0 - 85.2
109.9 124.7
13.1 - 27.6
63.0 - 96.6

58.8 - 65.0
110.8 141.9
22.1 - 47.4
5.5 - 33.2
52.6 - 104.4

58.8 - 84.9
49.3 - 112.7
50.0 - 105.4

2- LOD
support
interval‡
cM - cM
51.2 - 65.0
65.0 - 89.9
109.9 132.0
7.8 - 32.4
56.6 - 103.7

bnlg1598 (58.8) - PZA00619_3 (65.0)
PZE03200206675 (110.9)-PHM3342_31
(136.6)
PZB01658_1 (19.1) - PZB00414_2 (41.1)
Bnlg2132 (0.0) - PZA03624_2 (36.5)
PZA01933_3 (39.9) - umc1125 (120.2)

bnlg1598 (58.8) - Zm.9675_882 (111.4)
PZA01933_3 (39.9) - umc1125 (120.2)
Zm.87300_013 (50.0) - PZA02527_2 (111.9)

bnlg2132 (0.0) - PZA03624_2 (36.5)
PZA01933_3 (39.9) - umc1125 (120.2)

bnlg1598 (58.8) - PZA00619_3 (65.0)
PZA00619_3 (65.0) - Zm.9675_882 (111.4)
S3_200247565 (109.9) - PHM3342_31 (110.9)

Flanking markers (cM)§

† Significant QTL from CIM on transformed data [ln(y+1)] from the MS and TX tests and for the average over those tests.
‡ Support intervals are analogous to confidence intervals. A 1-LOD support interval includes the cM position of the LOD peak and all positions to the right
and left with LOD scores within 1 LOD of the peak. A 2-LOD support interval is a more conservative estimate of the QTL position.
§ Flanking markers are chosen according to the 1-LOD support interval.

34.6
20.1
70.9

20.1
81.4

7
7

4
5
TX
1
2
3
Ave
1
2

1
1
3

Peak

Marker information for significant QTL identified in CIM in the Mp717 x Va35 population.

QTL† Chr.

Table 5.6
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All three of these QTL have positive additive effects indicating that the favorable,
aflatoxin-reducing allele is being contributed by Va35 across locations. The support
interval of the significant QTL identified on chromosome 7 in the TX study (#2, 56.9104.4cM) overlaps with the support interval of one of two QTL detected on chromosome
7 in the MS study (#5, 63.0-96.6cM) (Table 5.4). Other QTLs were not stable across
locations. A significant QTL detected on chromosome 3 in MS (#3, 110.9cM) was not
significant in TX. Two significant QTL were detected on chromosome 7 in MS but only
one in TX (Table 5.6). A QTL was significant on chromosome 10 in TX (#3, 71.5cM)
but not in MS (Table 5.6).
The two QTL detected on chromosome 1 in the MS test are possibly a single QTL
as in the TX test. While the peaks are separated (62.8 cM versus 74.5 cM) the support
intervals are continuous (59.3-65.0cM and 65.0-85.2cM). The interval of the second
QTL (65.0-85.2cM) coincides with a large gap between markers (46.4cM). This is the
same marker interval where chromosome 1 branched at LOD thresholds above 9.0
(described in the linkage mapping discussion above). It is likely that the estimate of the
QTL in this region is affected by this gap between markers. Adding more markers to this
region could reduce the two QTL identified in MS to a single QTL, as in TX, or break the
one QTL identified in TX into two QTL, as in MS. Either way, we have reason to be
confident that the same effect is being detected in both locations since the sign of the
effect is the same across locations (indicating that the favorable allele is contributed by
Va35), and the support interval in TX overlaps with both intervals in MS. In fact, the
flanking markers necessary to introgress either the one QTL detected in TX or the two
QTL detected in MS are the same, given our currently sparse linkage map.
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Multiple interval mapping
Multiple interval mapping analysis was conducted on the natural log-transformed
data from the MS and TX tests and on the phenotypes averaged over those two locations
(Tables 5.7, 5.8, and 5.9). The significant QTL from the CIM analysis were used as the
initial model terms, and the model was refined as described earlier in the materials and
methods and according to the guidelines in Silva et al. (2012). Briefly, the model
refinement proceeded as follows: 1) search for new main effects; 2) search for interaction
effects between identified main effects; 3) test for the significance of the interaction
terms; 4) test for the significance of the main effect not included in significant interaction
terms 5) repeat steps 1-4 until no more terms are added according to the BIC and all
retained terms are significant; 6) optimize the genomic locations of the main effect QTL.
The final MIM model for the MS test included six main effect QTL and one
epistatic interaction term and had an R2 of 0.3974, well below the 0.627 heritability
estimate. Of all six MIM models constructed for the two populations (Tables 4.7, 4.8, 4.9
and Tables 5.7, 5.8, and 5.9) this is the only model whose development deviated from the
above scheme. A model was created according to the above scheme, but it included two
closely linked QTL on chromosome 1 (QTL #1 and #2, Table C.1, Appendix C). The
peaks of these QTL were less than 6 cM apart, which is more fine-grained than the
expected ~10-30cM resolution of a bi-parental QTL mapping study (Salvi and Tuberosa,
2005). More troubling still, these two QTL also had opposite effects, as indicated by the
sign of their additive effects. Both QTL also had large and opposite dominance effects
(larger than the additive, dominance or epistatic effect of any other QTL in either
environment for either population). This scenario, closely linked QTL with opposite
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effects, is a textbook example of the type of biologically unrealistic model that can be
built through the “uncritical use of model selection procedures” during MIM analysis
(Jansen, 2007, p. 614). For this reason, the results of the standard model building
procedure were rejected.
In order to resolve, the problem the negative additive effect QTL (meaning the
QTL where the aflatoxin-reducing allele was contributed by Mp717 as opposed to Va35)
on chromosome 1 (QTL # 2, Table C.1, Appendix C) was removed from the model.
During CIM and MIM in both populations, a positive additive effect QTL (aflatoxinreducing allele contributed by Va35) was detected on chromosome 1 in all test
environments and in the average over test environments (Tables 4.5, 4.7, 4.8, 4.9 and
Tables 5.5, 5.7, 5.8, 5.9). This provided a biological reason to prefer a model that
included the positive additive effect QTL over a model including the negative additive
effect QTL. After removing the QTL from the model all effects were re-estimated
according to the reduced model with only six QTL. These results would be ultimately
accepted as the final MIM model for the MS field experiment of Mp717 x Va35 (Table
5.7). Before accepting this reduced model as final, refinement steps were conducted
according to the standard scheme, but these steps resulted in a model that again included
closely linked QTL with large opposite effects, this time on chromosome 5 (QTL #4 and
5, Table C.2, Appendix C). For this reason, the reduced model without further rounds of
model refinement was chosen as the final MIM model (Table 5.7). This model had an R2
of 0.3974, whereas the two rejected models both had much higher R2 values (0.5747 and
0.6783). However, the R2 of the accepted model was closer to the R2 of the model built
on the TX phenotypes (R2=0.3682). This was interpreted as indicating that the lower R2
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may reflect a more accurate model as opposed to simply a less explanatory model. The
R2 is well below the heritability of 0.627 within this environment, which may indicate
that much of the genetic variation was undetected in the QTL analysis, possibly due to
very small effect QTL.
The final MIM model for the MS phenotypes included six main effect QTL on
chromosomes 1, 3, 4, 7, and 10 and one epistatic interaction between QTL on
chromosomes 1 and 4. Mp717 contributed the aflatoxin-reducing allele for four of the
six QTL and dominance effects acted in both directions (Table 5.7). The QTL with the
largest additive effect was on chromosome 1 and was contributed by Va35.
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3.0

81.4

20.1

127.8

110.9

Peak
Position
cM
73.0

10.00

7.03

7.01

4.08/4.09

3.07

1.07

Bin
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
DxD

Gene
Action
0.6208
0.0642
-0.3381
0.0218
-0.2727
-0.0369
0.3144
0.2773
-0.3532
-0.1017
-0.0348
-0.4072
-0.8315

Effect‡

3.14

4.88

5.41

5.16

4.67

13.51

LOD

0.0 - 10.0

62.7 - 95.0

13.8 - 26.6

122.7 - 133.4

101.1 - 121.7

1-LOD Support
Interval§
cM - cM
66.3 - 83.1

0.0 - 11.5

55.5 - 104.1

8.8 - 30.9

118.6 - 136.6

91.7 -128.2

2-LOD Support
Interval§
cM - cM
65.0 - 88.4

† QTL 2 refers to the second QTL in an epistatic interaction. Rows with an “x” in this column are QTL main effect terms.
‡ Negative additive QTL effects indicate Mp717 is the source of the beneficial (aflatoxin- reducing) allele, and positive effects indicate the resistance allele is
contributed by Va35. A negative dominance effect indicates that dominance is in the direction of the aflatoxin- reducing allele, no matter which parent is the
source of the favorable allele, and positive dominance effects indicate that dominance is in the direction of the aflatoxin-increasing allele.
§ Support intervals are analogous to confidence intervals. A 1-LOD support interval includes the cM position of the LOD peak and all positions to the right
and left with LOD scores within 1 LOD of the peak. A 2-LOD support interval is a more conservative estimate of the QTL position.

QTL
2†

Results of MIM analysis of the natural log-transformed values of aflatoxin levels in grain of the Mp717 x Va35 F2:3
population in Mississippi, 2016.

QTL
1

Table 5.7
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For the TX phenotypes, the final MIM model was built according to the standard
model selection scheme without complications. The model included five main effect
QTL on chromosomes 1, 3, 7, and 10 and one epistatic interaction between QTL on
chromosomes 1 and 3 (Table 5.8). The R2 value of 0.368 was again well below the
heritability estimate (0.595) within the location, again indicating that much of the genetic
variation may not have been detected in the QTL analysis. The QTL with the largest
additive effect was again the QTL from Va35 on chromosome 1, while the favorable
alleles of the other four QTL were contributed by Mp717. The MIM analysis identified
two QTL on chromosomes 1 and 3 that were not significant in the CIM analysis (Tables
5.6 and 5.8), while the other three QTL in the MIM analysis had 1-LOD support intervals
that overlapped with the support intervals of the three significant QTL in the CIM
analysis.
Comparing the MIM results between the MS and TX test, the 1-LOD support
intervals of the Va35 contributed QTL on chromosome 1 overlap between the MS and
TX results, meaning this QTL is stable across the two tested locations in addition to
having the largest additive effect in both (Tables 5.7 and 5.8). There were also stable
QTL contributed by Mp717 on chromosomes 3 (using 2-LOD but not 1-LOD support
intervals) and 7. Other QTL in the two models were not stable across test locations.
When the phenotypes were averaged over locations, the final MIM model (R2 = 0.5222)
included six main effect QTLs on chromosomes 1, 3, 5, 6, and 7 and one epistatic
interaction between QTL on chromosomes 6 and 7 (Table 5.9).
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Peak
Position
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7.03

3.09

1.10

1.06

Bin
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
DxA

Gene
Action
0.4055
0.1482
-0.2202
-0.2063
-0.2057
-0.0484
-0.2268
0.2673
-0.3082
0.0701
0.3427

Effect‡

5.06

5.07

5.39

3.69

13.27

LOD

58.5 - 95.1

59.2 -102.5

127.3 - 157.9

134.8 - 166.5

1-LOD Support
Interval§
cM – cM
59.2 - 69.3

51.7 - 104.1

51.5 - 109.3

119.9 - 161.4

128.5 - 166.5

2-LOD Support
Interval§
cM - cM
58.8 - 77.2

† QTL 2 refers to the second QTL in an epistatic interaction. Rows with an “x” in this column are QTL main effect terms.
‡ Negative additive QTL effects indicate Mp717 is the source of the beneficial (aflatoxin- reducing) allele, and positive effects indicate the resistance allele is
contributed by Va35. A negative dominance effect indicates that dominance is in the direction of the aflatoxin- reducing allele, no matter which parent is the
source of the favorable allele, and positive dominance effects indicate that dominance is in the direction of the aflatoxin-increasing allele.
§ Support intervals are analogous to confidence intervals. A 1-LOD support interval includes the cM position of the LOD peak and all positions to the right
and left with LOD scores within 1 LOD of the peak. A 2-LOD support interval is a more conservative estimate of the QTL position.
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Results of MIM analysis of the natural log-transformed values of aflatoxin levels in grain of the Mp717 x Va35 F2:3
population in Texas, 2016.
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1

Table 5.8
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6.76

6.57
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1-LOD Support
Interval§
cM – cM
65.0 - 80.7

57.7 - 99.9
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Interval§
cM - cM
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† QTL 2 refers to the second QTL in an epistatic interaction. Rows with an “x” in this column are QTL main effect terms.
‡ Negative additive QTL effects indicate Mp717 is the source of the beneficial (aflatoxin- reducing) allele, and positive effects indicate the resistance allele is
contributed by Va35. A negative dominance effect indicates that dominance is in the direction of the aflatoxin- reducing allele, no matter which parent is the
source of the favorable allele, and positive dominance effects indicate that dominance is in the direction of the aflatoxin-increasing allele.
§ Support intervals are analogous to confidence intervals. A 1-LOD support interval includes the cM position of the LOD peak and all positions to the right and
left with LOD scores within 1 LOD of the peak. A 2-LOD support interval is a more conservative estimate of the QTL position.
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Results of MIM analysis of the natural log-transformed values of aflatoxin levels in grain of the Mp717 x Va35 F2:3
population averaged over the Mississippi and Texas 2016 tests.
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Application in marker-assisted selection
For marker-assisted selection, the most valuable QTL will be those that are stable
across environments. The Va35 contributed QTL on chromosome 1 was stable across
environments in both the CIM and MIM analyses and had the largest additive effect. The
flanking markers needed to track the inheritance of this QTL are given in table 5.6. The
Mp717 contributed QTL on chromosome 7 was the only other QTL that was stable across
locations in the both the MIM and CIM analyses (MS, #5 and TX, #2, Table 5.6; QTL #5
in Table 5.7 and QTL #4 in Table 5.8). The QTL on chromosome 3 was stable in the
MIM analysis (Tables 5.7 and 5.8) and was significant in the MS CIM (Table 5.5). These
QTL are expected to be the most promising for marker assisted selection, but must first
be validated by replicated field trials of NILs differing at these genomic locations.
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CHAPTER VI
CONCLUSION
Comparisons of QTL within a mapping population can be made according to
LOD-based support intervals expressed in terms of centiMorgans. The previous chapters
compared QTL within a population between test environments and between methods of
analysis (MIM versus CIM) to determine how stable the QTL were over environments
and how repeatable across analyses. However, the same support intervals cannot be used
to make comparisons between populations. A linkage map depends on the markers used
and a marker’s polymorphism is population specific. The centiMorgans are a genetic
distance specific to the particular cross in which they were estimated. They are an
estimate of recombination frequencies, which vary from cross to cross. In order to
compare QTL across populations, we need a standardized physical orientation on the
chromosome, as opposed to a population specific genetic orientation. Toward this end,
each chromosome of the maize genome has been divided into bins delineated by a set of
core markers (Gardiner et al., 1993; Davis et al., 1999). The bin locations of the markers
used to construct the linkage maps in this study were known prior to mapping. With this
information, we can assign a QTL peak, or its support interval, or its flanking markers to
bins that can then be compared across populations. For all QTL in this study, the
reported bin numbers were determined based on the 1-LOD support interval (Tables 4.5-
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4.8 and Tables 5.5-5.8). Figure 6.1 shows the bin location of each QTL effect identified
by CIM analysis in both the Mp715 x Va35 and Mp717 x Va35 populations.
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Bin location of significant QTL effects identified during composite interval mapping analysis in the Mp715 x Va35
and Mp717 x Va35 F2:3 mapping populations.

Arrows pointing up represent positive additive effects and indicate that the aflatoxin-reducing allele of the QTL was contributed by the more susceptible
parent in the cross (Va35). Arrows pointing down represent negative additive effects and indicate that the aflatoxin reducing allele of the QTL was
contributed by the more resistant parent in the cross (Mp715 or Mp717).

Figure 6.1
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For the sake of this discussion two estimated QTL effects are considered the
“same QTL” if they occur in the same bin and act in the same direction, i.e. the sign of
their additive effect is the same. A negative additive effect indicates that the beneficial,
aflatoxin-reducing allele is contributed by the cross’s more resistant parent (Mp715 or
Mp717) while a positive additive effect indicates that the beneficial allele is contributed
by the more susceptible parent (Va35). A QTL consists, then, of one or more significant
QTL effects. Each significant QTL effect is specific to a method of analysis, population
and environment, whereas the QTL, as defined, may be identified across populations.
Focusing on the results of the CIM analysis of the natural log-transformed data,
there were 18 total significant QTL effects in the Mp715 x Va35 and the Mp717 x Va35
populations over their two environments (Figure 6.1 and Tables 4.5 and 5.5). Of these 18
significant QTL effects, 12 different QTL were identified. Ten of the 18 QTL effects can
be reduced to four QTL detected in either two populations or two environments or both.
Only two QTL were significant in both populations. These were in bin 7.02/7.03 and
10.05 (Figure 6.1, Tables 4.5 and 5.5). The QTL in bin 7.02/7.03 was significant in both
environments in both populations. It was the only QTL significant in more than one
environment within a population and significant across populations. The QTL in bin
10.05 was significant in both populations but in only one environment within each
population. There were three QTL identified where the aflatoxin reducing allele was
contributed by Mp717, and two of those are the same as in Mp715.
For seven of the 18 QTL effects, the aflatoxin reducing allele was contributed by
Va35. Five of these seven effects were on chromosome 1. Although, these QTL effects
did not co-locate across populations, and therefore cannot be described as the same QTL,
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it is interesting that Va35 consistently contributed beneficial alleles on chromosome 1 in
both environments for both populations.
Six different aflatoxin-reducing QTL (11 significant QTL effects) were
contributed by Mp715 and Mp717 considered jointly. Mp717 contributed three
beneficial QTL. Mp715 contributed five beneficial QTL. Two of those were common
across the two populations. Assuming that the collocating QTL effects are in fact the
same QTL, the effects that do not co-locate across populations should allow for
pyramiding resistance QTL from multiple sources of resistance into a single background.
Pyramiding QTL from multiple sources of resistance has been proposed as a strategy for
improving resistance to aflatoxin accumulation (Warburton et al., 2013; Willcox et al.,
2013). Further research is necessary to determine if the QTL effects that co-locate across
populations are in fact the same QTL in the sense that they result from the same causal
allelic variation.
All three parents used in this research have served as a parent in an earlier
CHPRRU mapping population. Mp715 was mapped in a T173 background (Warburton
et al., 2011). Mp717 was mapped in a cross with NC300 (Warburton et al., 2009). Va35
served as the susceptible parent in a cross with Mp313E (Willcox et al., 2013). The
results of these five overlapping populations are compared according to the bin location
of their significant QTL effects (Figure 6.2). The comparisons focus on results from CIM
analysis since this is the only method of analysis common across all five populations.
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Bin location of significant QTL effects identified during composite interval mapping analysis in five F2:3 mapping
populations.

Arrows pointing up represent positive additive effects and indicate that the aflatoxin-reducing allele of the QTL was contributed by the more susceptible parent in
the cross (Va35, T173, or NC300). Arrows pointing down represent negative additive effects and indicate that the aflatoxin reducing allele of the QTL was
contributed by the more resistant parent in the cross (Mp715, Mp717 or Mp313E).

Figure 6.2
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Beginning with Va35, we see that this susceptible line contributed beneficial
alleles on chromosome 1 in multiple environments in all three populations in which it
was included. Va35 also contributed beneficial alleles in bins 2.02 in its cross with
Mp715, 7.01 in its cross with Mp717, and bins 8.02, 8.03, and 8.04 in its cross with
Mp313E. Although Va35 is described as a susceptible line, it is important to remember
than since resistance to aflatoxin accumulation is a quantitative trait, we are always
working with differences in degree, not kind. Va35 is more susceptible than Mp715,
Mp717, and Mp313E but still possesses beneficial alleles. Va35 has been used in
breeding crosses with Mp715 that resulted in the resistant lines Mp718 and Mp719 that
are as resistant as Mp715 (Williams and Windham, 2012). It is possible that some of the
resistance found in Mp718 and Mp719 was contributed by Va35, and possibly from
chromosome 1. Genotyping these lines should allow for this hypothesis to be tested.
When we look at the QTL whose beneficial allele was contributed by the resistant
parent in crosses with Va35, we see that five QTL were contributed by Mp313E (bins
2.08, 3.04, 4.06, 4.09, and 5.01), five by Mp715 (bins 5.01, 6.06, 7.02/7.03, 10.04, and
10.05), and three by Mp717 (3.07/3.08, 7.02/7.03, and 10.05). One QTL (bin 5.01) colocated between Mp715 and Mp313E, and two (discussed above) co-located between
Mp715 and Mp717 (bins 7.02/7.03 and 10.05). This means that 10 different QTL (bins
2.08, 3.04, 3.07/3.08, 4.06, 4.09, 5.01, 6.06, 7.02/7.03, 10.04, 10.05) were identified from
these three resistant lines in crosses with Va35. These different QTL present the
opportunity to pyramid more QTL from different sources of resistance to see if their
combined effect is valuable in reducing aflatoxin accumulation.
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Only one QTL co-located across Mp715 populations. This QTL is in bin 10.04
and was significant in more than one environment in both populations. Two QTL colocated across populations containing Mp717 (bins 7.02/7.03 and 10.05) and both of
these QTL also co-located with a favorable allele donated by Mp715 (discussed above).
Bin 10.05 was also reported to contain an aflatoxin reducing QTL in a study with no
parent in common with those in Figure 6.2 (Paul et al., 2003). These genomic locations
may be important sources of variation for resistance to aflatoxin accumulation since they
are significant in multiple populations. Significant QTL effects co-located between
populations with no parent in common too. For instance bins 3.04 and 4.06 both contain
favorable alleles contributed by Mp715 and Mp313E crossed to Va35 and T173,
respectively.
For a QTL to be most useful in breeding work it needs to confer resistance in
many genetic backgrounds. This makes it slightly disappointing that only one of the
QTL contributed by Mp715 (in bin 10.04) was significant in both crosses containing
Mp715 despite one of those crosses (Va35) revealing five QTL and the other (T173) 11
QTL with the favorable allele contributed by Mp715. When we focused on a common
susceptible parent, a lack of QTL co-locating across populations was viewed as different
sources of resistance contributing different forms of resistance that can be combined.
This is good news to a breeder. When we look at a common resistant parent, the lack of
QTL co-locating across populations is seen as the QTL likely behaving inconsistently
across genetic backgrounds, although it could be inconsistency across environments since
the environments are inconsistent across populations. This makes a QTL less useful in
marker assisted selection since a QTL needs to be transferable outside of the cross in
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which it was mapped. It should be kept in mind, though, that detection of a QTL depends
upon genetic polymorphism. If a QTL was identified in the Mp715 x Va35 population
but not the Mp715 x T173, it is possible that T173 lacked the polymorphism that was
present between Va35 and Mp715 that allowed the QTL to be detected. That would
mean that instead of the QTL behaving inconsistently across populations, it was simply
fixed in one of the populations. Further genotyping of the susceptible parents would be
necessary to distinguish between those interpretations.
Another important factor in the utility of a QTL to a breeder is its stability over
environments, and the QTL in bin 10.04 that was consistent across Mp715 populations
was also significant in more than one environment in both populations. Being significant
in both populations and stable over environments makes this QTL of particular interest.
Unfortunately, in each environment it only explained 3-6% of the variation, making it a
relatively small effect QTL (Table 4.5 above and Table 3 of Warburton et al., 2011). The
size of the effect is at least as important as its consistency.
Of the three significant QTL identified in the Mp717 x Va35 population, two colocated with QTL that were significant in the Mp717 x NC300 population. These QTL
explained 1-9% of the variation (bin 7.02/7.03) and 2-10% of the variation (bin 10.05)
(Table 5.5 above and Table 3 of Warburton et al., 2009) in different environments. The
QTL in bin 7.02/7.03 was significant in more than one environment in the Mp717
environment, meaning it is potentially stable across environments and genetic
backgrounds.
There was a conspicuous absence of large effects in both the Mp715 xVa35 and
the Mp717 x Va35 populations. Only one QTL identified in this study (bin 6.06, Mp715
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x Va35) accounted for greater than 10% of the variation in any year and in either
population. This QTL was not stable across the environments tested. It was also the only
QTL detected on chromosome 6 in any environment in any of the five overlapping
populations in Figure 6.2. A lack of large effect QTL is expected when working with a
quantitative trait, as is the inconsistency across years. However, small effects that are
inconstant across genetic backgrounds and environments cause difficulties for the attempt
to improve a quantitative trait, even with the use of molecular markers. It is no less
laborious to introgress a small, inconsistent effect QTL than a large, consistent effect
QTL; there is just less gained.
Both the Mp715 x Va35 and the Mp717 x Va35 populations are being phenotyped
again in the summer of 2016. The Mp715 x Va35 population is being planted in both
Starkville and Lubbock. Once data is collected, it will have been phenotyped in four
environments. The Mp717 x Va35 population is being planted in Starkville. It will be
the third environment in which it is phenotyped. These additional years of phenotyping
should allow for more confidence regarding the consistency of QTL effects across
environments. Once the most promising QTL are identified, NILs will be created
through MABC to validate their effect. These NILs will initially be created using Va35
as the recurrent parent. Once these NILs have been created using Mp715 and Mp717 as
donors, crosses can be made to combine QTL from the different sources, including NILs
already created using Mp313E as the donor parent and Va35 as the recurrent. This will
allow the QTL to be tested in new combinations. Ideally, optimum combinations of QTL
can be identified, possibly involving multiple sources of resistance. These combinations
of QTL will then be introgressed into other inbred lines. This will allow the QTL to be
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tested in genetic backgrounds outside of those in which they were mapped. If these QTL
are useful to breeders they will have to be effective when moved into new genetic
backgrounds.
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APPENDIX A
COMPOSITE INTERVAL MAPPING LOD-PROFILES FOR THE MP715 x VA35
POPULATION

137

Figure A.1

LOD profiles and additive/dominance effects from CIM of the Mp715 x
Va35 F2:3 mapping population for chromosomes 1-10.
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Figure A.1 continued.
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Figure A.1 continued.
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Figure A.1 continued.
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Figure A.1 continued.
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Figure A.1 continued.
The top graph shows the logarithm of odds (LOD) profile along the chromosome. The LOD (y-axis) is a
measure of the likelihood of a QTL being present at each test position along the chromosome (x-axis). The
y-axis is expressed in LOD values and the x-axis in centiMorgans (cM). Marker positions are shown along
the chromosome. The horizontal lines running the length of the x-axis above LOD 3.2 are the empirically
estimated LOD thresholds, the critical values that must be exceeded in order to declare QTL significant.
The horizontal lines just above the x-axis are the 1-LOD support intervals of the significant QTL.
The second and third graph are of the size of the dominance and addititve effects along the chromosome.
The y-axes are the size of the effect and the x-axes are the cM along the chromosome. Positive additive
effects indicate the beneficial allele is being contributed by Va35 while negative additive effects indicate
Mp715 is the source. The sign of the dominance effect indicates whether dominance is in the direction of
the aflatoxin reducing or increasing allele regardless of which parent is the source. Vertical lines indicate
the size of the effect at the peak position of the significant QTL.
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APPENDIX B
COMPOSITE INTERVAL MAPPING LOD-PROFILES FOR THE MP717 x VA35
POPULATION
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Figure B.1

LOD profiles and additive/dominance effects from CIM of the Mp717 x
Va35 F2:3 mapping population for chromosomes 1-10.
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Figure B1 continued.
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Figure B1 continued.
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Figure B1 continued.
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Figure B1 continued.
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Figure B1 continued.
The top graph shows the logarithm of odds (LOD) profile along the chromosome. The LOD (y-axis) is a
measure of the likelihood of a QTL being present at each test position along the chromosome (x-axis). The
y-axis is expressed in LOD values and the x-axis in centiMorgans (cM). Marker positions are shown along
the chromosome. The horizontal lines running the length of the x-axis above LOD 3.2 are the empirically
estimated LOD thresholds, the critical values that must be exceeded in order to declare QTL significant.
The horizontal lines just above the x-axis are the 1-LOD support intervals of the significant QTL.
The second and third graph are of the size of the dominance and addititve effects along the chromosome.
The y-axes are the size of the effect and the x-axes are the cM along the chromosome. Positive additive
effects indicate the beneficial allele is being contributed by Va35 while negative additive effects indicate
Mp715 is the source. The sign of the dominance effect indicates whether dominance is in the direction of
the aflatoxin reducing or increasing allele regardless of which parent is the source. Vertical lines indicate
the size of the effect at the peak position of the significant QTL.
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APPENDIX C
REJECTED MULTIPLE INTERVAL MAPPING MODELS FROM THE ANALYSIS
OF THE MP717 x VA35 IN THE MISSISSIPPI 2016 TEST
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Table 6.2

First rejected MIM model built on analysis of the natural log-transformed
values of aflatoxin levels in grain of the Mp717 x Va35 F2:3 population in
Mississippi, 2016.

QTL 1

QTL 2

Chromosome

1

x

1

Peak
Position
cM
63.8

2

x

1

69.0

3

x

3

110.9

4

x

4

126.8

5

x

7

19.0

6

x

7

81.4

7

x

10

4.0

1

3

Gene Action

Effec†

Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
DxD

0.7241
1.5802
-0.2585
-1.7533
-0.2941
0.0221
-0.2375
-0.1295
0.3363
0.2443
-0.3912
-0.0304
-0.0902
-0.3737
-0.5989

† Negative additive QTL effects indicate Mp715 is the source of the beneficial (aflatoxin- reducing) allele,
and positive effects indicate the resistance allele is contributed by Va35. A negative dominance effect
indicates that dominance is in the direction of the aflatoxin- reducing allele, no matter which parent is the
source of the favorable allele, and positive dominance effects indicate that dominance is in the direction of
the aflatoxin-increasing allele.
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Table 6.3

Second rejected MIM model built on analysis of the natural logtransformed values of aflatoxin levels in grain of the Mp717 x Va35 F2:3
population in Mississippi, 2016.

QTL 1

QTL 2

Chromosome

1

x

1

Peak
Position
cM
75.0

2

x

3

110.9

3

x

4

129.8

4

x

5

156.7

5

x

5

160.2

6

x

6

5.6

7

x

7

20.1

8

x

7

94.4

9

x

10

5.0

1
3

3
4

Gene Action

Effect†

Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
Additive
Dominant
DxD
DxD

0.6662
0.0192
-0.3579
0.0801
-0.2188
0.1714
1.5714
-1.0349
-1.2499
1.1456
0.1777
-0.2878
0.2335
0.2679
-0.3768
-0.0565
-0.0239
-0.4197
-0.8972
-0.6894

† Negative additive QTL effects indicate Mp715 is the source of the beneficial (aflatoxin- reducing) allele,
and positive effects indicate the resistance allele is contributed by Va35. A negative dominance effect
indicates that dominance is in the direction of the aflatoxin- reducing allele, no matter which parent is the
source of the favorable allele, and positive dominance effects indicate that dominance is in the direction of
the aflatoxin-increasing allele.
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